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Abstract 
The work described in this thesis involves the use of several techniques to 
investigate cyclopentene, cyclopentane and methylcyclopentane adsorption 
on metal surfaces. 2D NMR spectroscopy was used to study the products of 
the exchange reaction of methylcyclopentane with deuterium over supported 
metal catalysts. The distribution and extent of exchange of deuterium in the 
hydrocarbon was found to vary with the metal used. 2D NMR spectroscopy 
was used in conjunction with mass spectrometry to elucidate information on 
the intermediate species involved. 
Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) 
and transmission infrared spectroscopy were employed to follow adsorption 
of cyclopentene, cyclopentane and methylcyclopentane on EuroPt-1 in situ. 
The behaviour observed using infrared spectroscopy was correlated with 
behaviour in the gas phase observed using mass spectrometry and ther-
mal conductivity in the flow system used. This allowed quantification and 
analysis of the reactants and products. Molecular adsorption of the three 
molecules was observed, and temperature programmed desorption (TPD) 
was used to follow behaviour with increasing temperature. This allowed 
the activation energy to desorption to be estimated. Cyclopentene showed 
complicated behaviour on heating, forming an unsaturated species on the 
surface. Cyclopentane and methylcyclopentane desorbed molecularly into 
the gas phase. 
Reflection Absorption Infrared Spectroscopy (RAIRS) was used to follow 
adsorption and TPD of the same hydrocarbon molecules on a Pt(111) single 
crystal under U}{V conditions. Adsorption was observed at low tempera-
ture, and multilayer build up of the three hydrocarbons was observed on 
increasing exposure. 
11 
I certify that unless otherwise stated all the work described in this thesis 
was performed by myself in the laboratories of the University of Edinburgh 
during the period 1990-1993. 
Anne S. Dolan 
Some of this work has previously been published as; 
R.Brown, A.S.Dolan, C.Kemball and G.S.McDougall 
Reactions of Methylcyclopentane over Supported metal catalysts 
J. Chem. Soc. Faraday Trans. 88, 2405, (1992) 
111 
Acknowledgements 
Firstly, I would like to thank my mum and dad for their support and en-
couragement throughout my time at university. I would like to thank my 
supervisor, Gordon McDougall, for his guidance and supervision. I would 
also like to thank Prof. C. Kemball, Rom Brown and Dr. I. H. Sadler for 
their respective contributions to the deuterium exchange work. 
I am grateful to those who have helped me and shown me the way, to 
Hilary and Philip and especially to Ian and Peter for their help and en-
couragement. I must also thank the 'zeolite boys'; Jim, Keith, Mister and 
Graeme for their help when needed, Stewart Mains and the electronics staff 
for their help when things were not working. I would also like to thank 
Naresh Mooljee for his patience and help with computing problems. 
I would like to thank the SERC and the Department of Chemistry for 
funding. 
This thesis was produced using the 14L1'EX document preparation system. 
iv 
Courses Attended; 
'Catalytic Reaction Mechanisms' 6 lectures 
K.C.Waugh, April 1992 
German (Introductory Reading Course) 1989 
'A look at Solids, Surfaces and Surface Films' 6 lectures 
Various Speakers June 1991 
'Advances in Physical Chemistry' 
May/June 1990 
EUCS Computing Courses: Unix 1 and J±EX 
EU Catalytic Club Annual Reading Parties to Firbush Point Field Centre 
1989-1992 
Conferences Attended; 
'Structure and Function in Catalysis' 
Second Anglo-Dutch Conference on Heterogeneous Catalysis 
15-17th April 1991, The University of Hull 
'Understanding Catalysts: Catalysis and Surface Characterisation' 
RSC Conference, March 1992, University of Dundee 
RSC SURCAT(Scotland) Meetings, 
University of Glasgow, November 1990 
University of Edinburgh, July 1991 
University of Stirling, April 1992 
Royal Society of Edinburgh Symposium on 'The Structure, Adsorptive Prop- 
erties and Catalytic Reactions at well defined Metal Surfaces' January 1993 
Table of Contents 
L Introduction 
	 1 
1.1 Historical ................................1 
1.2 Adsorption and mode of action of catalysts ............2 
1.3 The form and study of catalysts ...................10 
1.4 The use of surface science in heterogeneous catalysis ......13 
1.5 Multitechnique approach to surface 
studies 	.................................18 
2. 2D NMR Study of Methylcyclopentane Exchange Reactions 19 
2.1 Introduction ..............................19 
2.2 Exchange of hydrocarbons with deuterium ............20 
2.3 Kinetics of exchange reactions ...................23 
2.4 Application of 2D NMR in the study of 
hydrocarbon exchange reactions ..................26 
2.5 Experimental .............................32 
2.5.1 Introduction ..........................32 
2.5.2 Apparatus and Procedure ..................32 
2.6 	Results 	..................................37 
2.7 Analysis of results 	..........................50 
vi 
2.8 Discussion 	 . 57 
2.8.1 	Palladium ...........................58 
2.8.2 	Platinum ............................59 
2.8.3 	Rhodium ............................60 
2.9 	Conclusions 	...............................61 
3. DRIFTS and Transmission IR study of adsorption of cyclic 
hydrocarbons on PtJSi0 2 	 65 
3.1 Infrared Spectroscopy ........................65 
3.2 The Physical Basis of Infrared Spectroscopy ...........66 
3.3 Selection Rules ............................74 
3.4 The application of Transmission JR and DRIFTS .........77 
3.5 The use of Transmission IR .....................79 
3.5.1 Quantification of Transmission JR spectra ........79 
3.5.2 Practical Application of Transmission JR ..........81 
3.6 The use of DRIFTS ..........................86 
3.6.1 Theory of DRIFTS ......................87 
3.6.2 Experimental application of DRIFTS ............90 
3.7 The use of Fourier Transform Spectroscopy ............92 
3.8 Experimental Setup - Mass Spectrometer / TCD Flow System . 99 
3.9 DRIFTS and Transmission Spectra .................101 
3.10 Previous Work .............................105 
3.11 Results 	.................................111 
3.11.1 Cyclopentene 	..........................112 
3.11.2 Cyclopentane .........................121 
vii 
3.11.3 Methylcyclopentane 	 . 123 
3.12 Discussion ...............................124 
3.12.1 Cyclopentene .........................124 
3.12.2 Cyclopentane .........................139 
3.12.3 Methylcyclopentane .....................142 
3.13 Summary ................................147 
4. RAIRS Study of Adsorption of Cyclic Hydrocarbons on Pt(111)184 
4.1 Introduction 	............................... 184 
4.2 The Physical Basis of RAIRS 	.................... 185 
4.3 Further Experimental Considerations ............... 192 
4.4 Comparison of RAIRS and EELS .................. 195 
4.5 Survey of RAIBS studies of hydrocarbon adsorption ....... 197 
4.6 Previous surface studies 	....................... 198 
4.7 Experimental 	............................. 206 
4.7.1 	Vacuum System 	........................ 206 
4.7.2 	Crystal Mounting and Preparation ............. 209 
4.7.3 	Infrared Setup ......................... 216 
4.7.4 	Gas Handling 	......................... 218 
4.8 Results 	................................. 221 
4.8.1 	Cyclopentene adsorption at low temperature ....... 222 
4.8.2 	Blank Experiment 	...................... 225 
4.8.3 	Cyclopentene adsorption at ambient temperature . . . 	 . 225 
4.8.4 	Cyclopentane adsorption at low temperature ........ 226 
4.8.5 	Methylcyclopentane adsorption at low temperature . . 	 . 227 
viii 
4.9 Discussion 	 . 230 
4.9.1 	Cyclopentene 	.........................230 
4.9.2 Cyclopentane .........................236 
4.9.3 Methylcyclopentane .....................239 
5. Conclusions 	 275 
282 
References 
Purity and suppliers of gases and chemicals 	 298 







List of Figures 
1-1 Lennard-Jones potential energy diagram..............4 
1-2 Potential energy profile for catalysed and uncatalysed reactions. 6 
	
1-3 Volcano plot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	7 
1-4 Heat of adsorption as a function of coverage for some fcc metal 
planes . 	. . . . . . 	. . . . . . . . . . . . . . . . . . . . . . . . . . . 	8 
1-5 Illustration of the atomic arrangement of the (111), (110) and 
(100) planes of fcc and bcc metal surfaces, with the unit mesh 
marked. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 
2-1 illustration of some common intermediates observed on cata- 
lyst surfaces...............................21 
2-2 Proposed rollover mechanisms for cyclopentane . . . . . . . . . . 22 
2-3 2D NMR spectrum from cyclopentanes...............27 
2-4 Isotopic distribution of exchange reaction products . . . . . . . . 31 
2-5 Schematic diagram of glass vacuum line..............33 
2-6 Product distribution for experiment Pdl..............40 
2-7 Product distribution for experiment Pd2 . . . . . . . . . . . . . . 41 
2-8 Product distribution for experiment Ptl . . . . . . . . . . . . . . 42 
2-9 Product distribution for experiment Rhl . . . . . . . . . . . . . . 43 
2-10 2D NMR spectrum of products of reaction Pdl...........44 
x 
2-11 2D NMR spectrum of products of reaction Pd2 	 . 45 
2-12 2D NMR spectrum of products of reaction Ptl . . . . . . . . . . . 46 
2-13 2D NMR spectrum of products of reaction Rhi...........47 
2-14The six positions for D atoms in methylcyclopentane.......48 
2-15 Illustration of isotopic shifts for a D atom in position IV in 
methylcyclopentane . . . . . . . . . . . . . . . . . . . . . . . . . . 49 
2-1611lustration of proposed mechanisms of methylcyclopentane 
exchange. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 
3-1 illustration of adsorbed CO on a metal surface . . . . . . . . . . 69 
3-2 IR Spectra of CO . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70 
3-3 Bending of electric field lines . . . . . . . . . . . . . . . . . . . . . 75 
3-4 Electric field about a small metal particle . . . . . . . . . . . . . 76 
3-5 Illustration of the main forms of interaction of infrared radia- 
tion with a sample . . . . . . . . . . . . . . . . . . . . . . . . . . . 78 
3-6 Illustration of incident and transmitted infrared beams. ....80 
3-7 Plan view of the transmission infrared cell . . . . . . . . . . . . . 84 
3-8 Side view of the transmission infrared cell construction. .. . . 85 
3-9 Diagram of the location of the sample in the DRIFTS accessory. 91 
3-10 Schematic diagram of the interferometer used in the evacuable 
version of the Digilab FTS-40 spectrometer . . . . . . . . . . . . . 94 
3-11Schematic diagram of the layout of the optical bench . . . . . . . 96 
3-120ptical arrangement for transmission infrared experiments. . 97 
3-13 Optical path through the DRIFTS Accessory . . . . . . . . . . . . 98 
3-14Gas handing arrangement for transmission and DRIFTS. . . . 100 
3-15Example of an interferogram . . . . . . . . . . . . . . . . . . . . . 102 
xi 
3-16 Single beam spectrum in the absence of the DRIFTS or trans-
mission cell . 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103 
3-17 Single beam spectra recorded in (a) Transmission and (b) 
DRIFTS.................................104 
3-18Normalised single beam spectra from (a) Transmission and (b) 
DRIFTS.................................104 
3-19(a) Transmittance and (b) Absorbance DRIFTS spectra for cy-
clopentene adsorbed on EuroPt-1 . . . . . . . . . . . . . . . . . . 106 
3-2OModel of cyclopentene chemistry . . . . . . . . . . . . . . . . . . . 107 
3-21EELS spectra from cyclopentene on Pt(111)............109 
3-22 Illustration of the temporal relationship between the various 
techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114 
3-23 Illustration of m/z = 67 and 70 peak intensities following the 
fifth pulse of cyclopentene . . . . . . . . . . . . . . . . . . . . . . . 115 
3-24Plots of I vs. T and dI/dT......... .............. 132 
3-25Real and calculated decrease in band intensities during TPD 
of cyclopentene from EuroPt-1 . . . . . . . . . . . . . . . . . . . . 134 
3-26lllustration of cyclopentene band intensities on (a) EuroPt-1 / 
DRIFTS, (b) Silica /DRIFTS and (c) EuroPt-1 /transmission. .140 
3-27DRIFTS spectra of cyclopentane adsorbed on (a) EuroPt-1 and 
(b) silica.................................143 
3-28DRIFTS spectra of (a) methylcyclopentane and (b) cyclopen- 
tane adsorbed on EuroPt- 1 ......................145 
3-29lllustration of the differences between a DRIFTS spectrum of 
methylcyclopentane adsorbed on (a) EuroPt-1 and (b) silica. . 146 
3-30DRIFTS spectra recorded during cyclopentene adsorption on 
EuroPt-1 at 310K............................150 
xii 
3-31DRIFTS spectra recorded during cyclopentene adsorption on 
EuroPt-1 at 310K (contd. from previous page) . . . . . . . . . . . 151 
3-32Strength of absorption bands as a function of time during cy-
clopentene adsorption on EuroPt-1, from DRIFTS spectra in 
Figures 3-30 and 3-31 .. . . . . . . . . . . . . . . . . . . . . . . . 152 
3-33DRIFTS spectra recorded during TPD following cyclopentene 
adsorption on EuroPt-1 . . . . . . . . . . . . . . . . . . . . . . . . 153 
3-34Expanded plots of the final two spectra during TPD of cy-
clopentene from EuroPt-1 . . . . . . . . . . . . . . . . . . . . . . . 154 
3-35 Strength of absorption bands as a function of temperature dur-
ing TPD of cyclopentene from EuroPt- 1, from DRIFTS spectra 
in Figure 3-33 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155 
3-36DRIFTS spectra recorded during H 2 pulsing at 310K following 
cyclopentene adsorption on EuroPt-1 . . . . . . . . . . . . . . . . 156 
3-37Strength of absorption bands as a function of spectrum number 
during hydrogen pulsing of cyclopentene on EuroPt-1, from 
DRIFTS spectra in Figure 3-36 . . . . . . . . . . . . . . . . . . . 157 
3-38DRIFTS spectra recorded during H 2 pulsing following cyclopen- 
tene adsorption on EuroPt- 1 and then heating to 483K......158 
3-39DRIFTS spectra recorded during cyclopentene adsorption on 
silica at 309K..............................159 
3-40 Strength of absorption bands as a function of time during 
cyclopentene adsorption on silica, from DRIFTS spectra in 
Figure3-39 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160 
3-41DRIFTS spectra recorded during TPD following cyclopentene 
adsorption on silica .. . . . . . . . . . . . . . . . . . . . . . . . . . 161 
3-42 Strength of absorption bands as a function of temperature 
during TPD of cyclopentene from silica, from DRIFTS spectra 
in Figure 3-41 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162 
xlii 
3-43Transmission infrared spectra recorded during cyclopentene 
adsorption on EuroPt-1 at 310K...................163 
3-44Strength of absorption bands as a function of time during cy-
clopentene adsorption on EuroPt-1, from transmission spectra 
in Figure 3-43 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164 
3-457ransmission infrared spectra recorded during TPD following 
cyclopentene adsorption on EuroPt-1 . . . . . . . . . . . . . . . . 165 
3-46Expanded plot of 463K spectrum in series of transmission TPD 
spectra of cyclopentene on EuroPt-1 . . . . . . . . . . . . . . . . . 166 
3-47 Strength of absorption bands as a function of temperature 
during TPD of cyclopentene from EuroPt-1, from transmission 
spectra in Figure 3-45 . . . . . . . . . . . . . . . . . . . . . . . . . 167 
3-48 DRIFTS spectra recorded during cyclopentane adsorption on 
EuroPt-1 at 309K............................168 
3-49 Strength of absorption bands as a function of time during cy-
clopentane adsorption on EuroPt-1, from DRIFTS spectra in 
Figure 3-48 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169 
3-50DRIFTS spectra recorded during TPD following cyclopentane 
adsorption on EuroPt-1 . . . . . . . . . . . . . . . . . . . . . . . . 170 
3-5lStrength of absorption bands as a function of temperature dur-
ing TPD of cyclopentane from EuroPt-1, from DRIFTS spectra 
in Figure 3-50 . . . . . . . . . . ... . . . . . . . . . . . . . . . . . 171 
3-52DR1FTS spectra recorded during cyclopentane adsorption on 
silica at 308K...............................172 
3-53 Strength of absorption bands as a function of time during cy-
clopentane adsorption on silica, from DRIFTS spectra in Fig-
ure 3-52 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173 
3-54DRIFTS spectra recorded during TPD following cyclopentane 
adsorption on silica .. . . . . . . . . . . . . . . . . . . . . . . . . . 174 
xiv 
3-55Strength of absorption bands as a function of temperature 
during TPD of cyclopentane from silica, from DRIFTS spectra 
in Figure 3-54 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175 
3-56DRIFTS spectra recorded during methylcyclopentane adsorp- 
tion on EuroPt-1 at 309K.......................176 
3-57Strength of absorption bands as a function of time during 
methylcyclopentane adsorption on EuroPt-1, from DRIFTS 
spectra in Figure 3-56 . . . . . . . . . . . . . . . . . . . . . . . . . 177 
3-58DRIFTS spectra recorded during TPD following methylcy-
clopentane adsorption on EuroPt-1 . . . . . . . . . . . . . . . . . 178 
3-59Strength of absorption bands as a function of temperature dur-
ing TPD of methylcyclopentane from EuroPt-1, from DRIFTS 
spectra in Figure 3-58 . . . . . . . . . . . . . . . . . . . . . . . . . 179 
3-60 DRIFTS spectra recorded during methylcyclopentane adsorp- 
tion on silica at 308K.........................180 
3-61Strength of absorption bands as a function of time during 
methylcyclopentane adsorption on silica, from DRIFTS spec-
tra in Figure 3-60 . . . . . . . . . . . . . . . . . . . . . . . . . . . 181 
3-62DRIFTS spectra recorded during TPD following methylcy-
clopentane adsorption on silica . . . . . . . . . . . . . . . . . . . . 182 
3-63 Strength of absorption bands as a function of temperature 
during TPD of methylcyclopentane from silica, from DRIFTS 
spectra in Figure 3-62 . . . . . . . . . . . . . . . . . . . . . . . . . 183 
4-1 illustration of the electric vectors of the p- and s-components 
of the infrared beam on a metal surface ..............186 
4-2 illustration of the parallel and perpendicular components of 
the p-polarised beam . . . . . . . . . . . . . . . . . . . . . . . . . . 187 
xv 
4-3 Amplitudes of electric field components relative to E 0 ( the 
incident amplitude) . 	. . . . . . . . . . . . . . . . . . . . . . . . . 188 
4-4 Illustration of variation in the surface intensity function. . . . 189 
4-5 Illustration of reflection from an adsorbate covered surface. . . 190 
4-6 Definition of the Absorption function A...............191 
4-7 Effect on absorption spectrum for an increasing number of 
reflections . 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192 
4-8 illustration of the UHV system and JR Spectrometer . . . . . . . 207 
4-9 Schematic illustration of the layout of the UHV system. . . . . 208 
4-10 Illustration of the crystal mounting . . . . . . . . . . . . . . . . . 211 
4-11Schematic diagram of the operation of the LEED/Auger optics. 213 
4-12Examples of Auger Spectra recorded for (a) a contaminated 
surface, and (b) a clean surface . . . . . . . . . . . . . . . . . . . . 215 
4-13RAIRS spectrum of CO adsorbed on Pt(111) . . . . . . . . . . . . 216 
4-14 Illustration of the position of the crystal in the high pressure 
cell. 	. . . . 	. . . . 	. . 	. . . . . . . 	. . 	. . . . 	. . . 	. . 	. . . . . . 	. 217 
4-15 Illustration of the infrared beam path from the spectrometer 
to the crystal . 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219 
4-16Geometry of the infrared cell and beam . . . . . . . . . . . . . . . 220 
4-17A RAIRS single beam spectrum . . . . . . . ... . . . . . . . . . . 222 
4-18FTIR Spectrum of cyclopentene recorded at 96K.........233 
4-19(a) DRIFTS spectrum of cyclopentene on EuroPt-1 and (b) 
RAIRS spectrum of cyclopentene on Pt(111) . . . . . . . . . . . . 235 
4-20(a) DRIFTS spectrum of cyclopentane adsorbed on EuroPt-1 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































4-35RAIRS Spectrum of 'clean' Pt(111) at 273K(3150 -' 2750cm'). 256 
4-36RAIRS Spectrum of 'clean' Pt(111) at 323K (3150 --+ 2750cm 1 ). 257 
4-37RAIRS Spectrum of 'clean' Pt(111) at 423K (3150- 2750cm 1 ).258 
4-38RAIRS Spectrum of 'clean' Pt(111) at 623K (3150 -, 2750cm'). 259 
4-39RAIRS Spectra during exposure of Pt(111) to (a) 5 x 10 1 °mbar, 
(b) 1 x 10 9mbar and (c) 1 x 10 8mbar flowing cyclopentene at 
303K (3150 --+ 2750cm') ....................... 260 
4-40RAIRS spectrum of Pt(111) under 5x10 1° mbar cydopentane 
at 135K (3050 --+ 2750cm -1)...................... 261 
4-41RAI.RS spectrum of Pt(111) under 9 x 10_ 10 mbar cyclopentane 
at 133K (3050 -' 2750cm 1) ...................... 262 
4-42RAIRS spectrum of Pt(111) under 2x10 9 mbar cyclopentane 
at 131K (3050 -' 2750cm 1)...................... 263 
4-43RAIRS spectrum of Pt(111) under lx 10-8  mbar cyclopentane 
at 128K (3050-' 2750cm)......................264 
4-44RAIRS spectrum of Pt(111) under 1x10 8 mbar cyclopentane 
at 128K (1650 - 850cm') ...................... 265 
4-45RAIRS spectrum of Pt(111) under lx 10-8  mbar cyclopentane 
at 128K (3050 - - 900cm).....................266 
4-46RAIRS spectrum of Pt(111) under 5 x 10 mbar methylcy- 
clopentane at 118K (3050 -' 2750cm 1) ................ 267 
4-47RAIRS spectrum of Pt(111) under lx 10 mbar methylcy-
clopentane at 117K (3050 -+ 2750cm') ............... 268 
4-48RAIRS spectrum of Pt(111) under lx 10 mbar methylcy-
clopentane at 117K (3050 -p 2750cm') ................ 269 
4-49RAJRS spectrum of Pt(111) under lx 10_8  mbar methylcy-
clopentane at 117K (1650 -+1250cm'). .............. 270 
xnii 
4-50RAIRS spectrum of Pt(111) under lx 1O_8  mbar methylcy- 
clopentane at 117K (3050 - 1150cm 1) ............... 271 
4-51RAIRS spectrum of Pt(11l) under 5 x 108  mbar methylcy-
clopentane at 113K (3050 -* 2750cm') ............... 272 
4-52RAJRS spectrum of Pt(111) under 5x 108  mbar methylcy- 
clopentane at 113K (1650 -p 850cm 1). .............. 273 
4-53RAIRS spectrum of Pt(111) under 5 x 10-8  mbar methylcyclopentafle 
at 113K(3050 - 850cm 1 ).. 	 .............. 274 
xix 
List of Tables 
1-1 Some modern techniques of surface science 	 . 15 
2-1 Mass Spectral and NMR analysis of cyclopentanes . . . . . . . . 28 
2-2 Deuterium isotopic shifts within cyclopentane . . . . . . . . . . . 29 
2-3 Summary of experiments . . . . . . . . . . . . . . . . . . . . . . . 37 
2-4 Product distributions and reaction rates from mass spectral 
analysis . 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	39 
2-5 Chemical shifts due to deuterium atoms in methylcyclopentane. 48 
2-6 Isotopic shifts caused by neighbouring D atoms in methylcy-
clopentane................................49 
2-7 Analysis of deuterium in exchanged methylcyclopentanes from 
NMR analysis for experiment Pdl..................51 
2-8 NMR analysis of groupings of deuterium atoms in exchanged 
methylcyclopentanes .......................... 52 
2-9 Relative exchange at each position .. . . . . . . . . . . . . . . . . 55 
2-10Fractions of methylcyclopentanes exchanged in different ways. 58 
3-1 Vibrations and their group frequencies . . . . . . . . . . . . . . . 72 
3-2 Vibrations and their group frequencies contd . . . . . . . . . . . 73 
3-3 Position of lB bands observed for cyclopentene...........125 
3-4 Previous assignments of selected cyclopentene bands . . . . . . . 126 
xx 
3-5 Position and assignment of selected bands due to cyclopentene 
from previous surface studies . . . . . . . . . . . . . . . . . . . . . 127 
3-6 Frequencies and assignments of bands . . . . . . . . . . . . . . . 133 
3-7 Position and assignment of bands from cyclopentane on EuroPt- 1 
and silica . 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141 
3-8 Previous assignment of selected vibrational bands due to cy-
clopentane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141 
3-9 Position and assignment of bands from methylcyclopentane on 
EuroPt-1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144 
3-10 Summary of DRIFTS vibrational frequencies determined in 
this study . 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148 
3-11Summary of data obtained in the study of adsorption on EuroPt-1149 
4-1 Summary of the main advantages and limitations of RAIRS 
and EELS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196 
4-2 Summary of EELS vibrational frequencies from previous studies200 
4-3 Summary of vibrational frequencies of cyclopentene . . . . . . . 201 
4-4 Vibrational frequencies and assignments of the cyclopentadi- 
enyl species, C 5H5 (Cp) . . . . . . . . . . . . . . . . . . . . . . . . 203 
4-5 Summary of literature vibrational frequencies of cyclopentane. 205 
4-6 Frequencies of submonolayer and multilayer coverage of cy-
clopentene on Pt(111), and proposed assignment . . . . . . . . . 224 
4-7 Position and proposed assignment of vibrations observed for 
cyclopentane on Pt(111)........................227 





The first scientific definition of catalysis was made by Berzelius, writing 
in The Edinburgh New Philosophical Journal, in 1836 [1]. This statement 
'Many bodies . . . have the property of exerting on other bodies 
an action which is very different from chemical affinity. By means 
of this action they produce decomposition in bodies, and form new 
compounds into the composition of which they do not enter. This 
new power, hitherto unknown, is common in both organic and 
inorganic nature . . . I shall . . . call it catalytic power. I shall also 
call catalysis the decomposition of bodies by this force.' 
resulted from many observations, following explosions in coal mines and 
observations that some metals were able to bring about reactions that oth-
erwise did not occur. A more modern definition of the same concept is that a 
catalyst is a substance which increases the rate at which a chemical system 
approaches equilibrium, without itself being consumed in the process. 
Modern theory and views of chemisorption and catalysis are still con-
sistent with the observation made by Faraday in 1834, that adsorption of 
gases on solid surfaces is intimately connected with their catalytic action on 
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gases [2]. Some notable early observations of catalysis include the dehydro-
genation of alcohol [31, the work of Haber on ammonia synthesis [4],  and of 
Sabatier on hydrogenation [5]. 
Since these early beginnings, over 150 years ago, the field of heteroge-
neous catalysis has expanded and many studies have been undertaken, in 
order to attempt to understand catalysts and their mode of action. Tech-
niques used in their study have developed from those used at that time, 
such as thermal conductivity and mass spectroscopy to the modern versions 
of photon spectroscopies and molecular beam studies of reaction dynamics. 
Catalysts are used in many modern industrial chemical processes, in-
eluding hydrogenation, ammonia synthesis, methanol synthesis and many 
others. Indeed, around 90% of all industrial processes in chemistry and 
petrochemistry employ catalysts [6].  One of the fastest growing applications 
of catalysts is their use in automotive exhaust and pollution control. Here, 
a platinum-rhodium catalyst is used to convert NO, CO and hydrocarbon 
pollutants to harmless products [7]. 
L2 Adsorption and mode of action of catalysts 
For a catalytic reaction to occur, the reacting species must become adsorbed 
on the catalyst surface. Knowledge of adsorption and the state of surfaces is 
necessary in order to understand catalysis. Adsorption is possible because 
metal atoms at the catalyst surface are not in the same environment as those 
in the bulk of the catalyst. Surface atoms are not coordinatively saturated 
and so possess a high free energy. Adsorption on the surface lowers the free 
energy, since the adsorbate becomes bonded to the surface. A catalyst can 
only alter the rate of a thermodynamically feasible reaction i.e. where AG, 
the free energy change is negative. 
There are two main types of adsorption— physisorption or physical ad-
sorption and chemisorption or chemical adsorption. In physical adsorption, 
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the bonds involved are similar to the van de Waals' forces involved in liquids. 
Typical forces involved are low, of the order of 1-5 kJmol 1 . Physisorption is 
non-activated and generally occurs at low temperatures, close to the boiling 
point of the gaseous adsorbate, and is usually reversible. Several layers 
may be physisorbed to a surface. On the other hand, the forces involved in 
chemisorption are considerably stronger than those a molecule is subject to 
in a fluid, typically 20 kJmol'. Chemisorption is much more specific than 
physical adsorption, varying from metal to metal and even between different 
crystal planes of the same metal. A further process, known as absorption, 
can occur into the bulk. Palladium is noted for dissolving hydrogen into the 
bulk. This is an endothermic process, distinct from adsorption. 
For adsorption to occur, the free energy change, AG, must be negative 
i.e. 
zG=L\H — ThS 	 (1.1) 
where LH is the enthalpy change on adsorption, T is temperature and 
AS is the change in entropy on adsorption. Usually a negative entropy 
change results from the constraining of a gas molecule to a 2-d surface. 
Consequently, LH is normally negative i.e. adsorption is exothermic. Hence 
the extent of adsorption depends on the metal-adsorbate bond strength, and 
often the metal plane on which adsorption is taking place. 
Adsorption can be illustrated using the classic Lennard-Jones potential 
energy diagram [81, Figure 1-1. In the diagram, the potential energy of 
the system is expressed as a function of the distance from the surface. The 
curve for physisorption, where the molecular adsorbate, A 2 , remains undis-
sociated, shows a shallow well representing the equilibrium state for ph-
ysisorption. Ep represents the enthalpy change on physisorption. The other 
curve, for chemisorption of the dissociated atoms of the molecular adsorbate, 
A + A, shows a deeper well at the position of equilibrium for chemisorption, 
and Ec represents the enthalpy change on chemisorption. This is at lower 







Figure 1-1: Lennard-Jones potential energy diagram for physisorption and 
chemisorption, after [8]. 
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activated process, depending on the height of the activation energy barrier, 
Ea. 
The effect of a catalyst is to reduce the activation energy barrier, Ea,  as 
shown in in Figure 1-1, as compared with the uncatalysed reaction. This 
is illustrated in detail in Figure 1-2, where Ea represents the activation 
energy required in the uncatalysed reaction and Eb  represents the reduced 
activation energy required in the presence of a catalyst. Ed represents the 
dissociation energy required to dissociate a molecule, A 2 , to 2A atoms. 
For a catalytic reaction to proceed there must be a balance between the 
strength of adsorption to the surface and the catalytic activity. In the lim-
its, weak chemisorption will lead to low surface coverage and low activity 
and strong chemisorption will result in a fully covered surface where the 
adsorbed species will be too strongly held for any reaction to proceed, result-
ing in poor catalytic activity. For a particular reaction, a Balandin 'volcano' 
plot can be drawn, relating heat of adsorption to reaction temperature for 
a series of metals. The heat of adsorption reflects the strength of bonding 
to the surface, and the reaction temperature refers to the temperature at 
which the metal brings about a particular rate of reaction, and is thus a 
measure of activity. This is illustrated for the decomposition of methanoic 
acid, HCOOH, to CO 2 and H20 in Figure 1-3. Metals at or near the top 
of the peak with intermediate bonding strength show the highest catalytic 
activity and so are the best catalysts for that reaction. 
Adsorption energy may also vary with surface coverage. It normally 
decreases as surface coverage increases, as a result of surface heterogeneity, 
interaction between adsorbed species or heterogeneity caused by adsorption. 
This is illustrated in Figure 1-4 for the three common face centered cubic 
(fcc) surfaces and for a stepped fcc surface. The atomic arrangement of 
the (111), (110) and (100) Miller index planes of an fcc and body centered 
cubic (bee) metal are shown in Figure 1-5. The (111) surface has sixfold 
symmetry and is a 'flat' surface, whereas the (110) and (100) planes have 















Figure 1-2: Potential energy profile for catalysed and uncatalysed reactions. 
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Figure 1-3: 'Volcano' plot showing the relationship between catalytic activ-
ity across a transition metal series and the heat of formation 
of the methanoate species from methanoic acid decomposition, 
adapted from [9]. 
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Figure 1-4: Heat of adsorption as a function of coverage for some fcc metal 
planes. 
Figure 1-5: illustration of the atomic arrangement of the (111), (110) and 
(100) planes of fcc and bcc metal surfaces, with the unit mesh 
marked. 
consequently highly reactive surface. Indeed, open/rough surfaces exposing 
sites of high coordination generally show especially high reactivity. Thermal 
Desorption Spectroscopy (TDS) studies of hydrogen adsorption on Pt(111), 
stepped Pt(557) and kinked Pt(12,9,8) show that stronger adsorption is seen 
at defect and kink sites than at flat surfaces [10]. Similarly, decomposition 
of ethene occurs onNi(111), Ni(110)and steppedNi 5(111) x (110) with bond 
breaking occurring at considerably lower temperature at step sites [11]. 
As mentioned previously, the adsorption energy may also vary with the 
surface e.g. the heat of adsorption may be different for each of the (111), 
(110) and (100) surfaces. If this leads to different reaction rates the reaction 
is said to be 'structure sensitive, whereas if catalytic reaction does not vary 
with surface structure, the reaction is said to be structure insensitive. An 
example of a structure sensitive reaction is the catalytic synthesis of ammo-
ma over iron. The relative amounts of ammonia produced over the (111), 
(110) and the (100) surfaces are 418, 25 and 1 respectively [12]. A striking 
example of a structure insensitive reaction is for hydrogenation of benzene 
over several nickel surfaces. Similar turnover frequencies were found for 
Ni(111), Ni(110), Ni(100) and a supported nickel catalyst [13]. 
L3 The form and study of catalysts 
In general, metals are the most commonly used catalysts in catalytic reac-
tions. No two reactions will be catalysed to the same extent by the same 
catalyst, and this manifests itself in the wide range and variety of catalysts 
in use today. Nowadays, catalysis can be divided into two forms, heteroge-
neous catalysis, which is of interest here, and homogeneous catalysis, usu-
ally liquid-liquid catalysis involving a liquid phase metal-ligand complex as 
the catalyst. 
Heterogeneous catalysis usually involves a solid catalyst and gaseous 
reactants. The catalytic action actually involves formation and breaking 
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of chemical bonds between reactants and surface atoms of the solid. Since 
catalysis actually takes place on the solid surface, the most efficient catalysts 
will be those with the maximum number of surface atoms. There are various 
methods of preparation employed to maximise the number of metal atoms 
at the surface of small metal particles as opposed to large numbers of bulk 
atoms in the bulk of larger particles. Some examples of high surface area 
pure metal catalysts are Raney nickel and platinum black, both used as 
hydrogenation catalysts. These catalysts have surface areas of 20m 2g 1 and 
around 100m2g 1 respectively. 
Heterogeneous catalysts may be divided into metals and non-metals. The 
metals are usually those of Groups 8 - 11 i.e. the transition metals, and non-
metals including metal oxides and sulphides. Metals may be pure, supported 
or exist as a bimetallic or alloy. The non-metals may be further divided into 
semiconductors, and insulators such as alumina and silica. Each type of 
catalyst finds a particular application. 
The most commonly used form of catalysts in research and industrial pro-
cesses is as a supported metal catalyst. The metal is held as small particles 
dispersed over the surface of a high surface area support, typically silica, 
alumina or carbon. Normally the support used is inert, the main function of 
which is to support the metal particles, which would otherwise agglomerate. 
However, in some cases the support, e.g. titania, is an active component 
of the catalyst and may be involved in a strong metal-support interaction 
(SMSI) [14]. Typical surface areas of supported metal catalysts are of the 
order of 100-300 m 2g 1 . Problems can occur with traces of the precursor 
metal salts and/or chemisorbed hydrogen remaining after reduction. 
Evaporated metal films, wires and polycrystalline foils have been widely 
used in many catalytic studies. However, nowadays in addition to study of 
supported metal catalysts, much work is done using single crystal model 
catalysts. These are prepared and cleaned under ultra high vacuum con-
ditions (<10-10 mbar), and then adsorption and reaction are followed on a 
particular well defined surface, using modern techniques of surface science. 
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The results from such simplified systems can then be used to interpret the 
more complicated results of polycrystalline surfaces. 
The main techniques used to follow and investigate reactions over sup-
ported metal catalysts include thermal conductivity, thermal desorption, 
isotopic exchange, nuclear magnetic resonance (NMR) and infrared spec-
troscopy (IR). The more commonly used solution state NMR technique is 
used to analyse reaction products collected following an experiment. The 
use of this technique is described further in Chapter 2. Solid state NMR has 
also proved useful in investigation of adsorption and catalysis [15]. NMR 
spectra can be recorded for NMR active nuclei in the catalyst itself or for 
those of adsorbates on the surface. Solid state NMR is a quasi in situ tech-
nique in that the catalyst sample must be placed within the magnetic field of 
the spectrometer, although it can be removed between recording spectra to 
alter conditions, or alternatively temperature and gas flow can be changed 
in situ. 
The last technique mentioned above, that of infrared (IR) spectroscopy, is 
perhaps the most versatile and well used in the study of catalysis. JR spec-
troscopy has the advantage over some other techniques that it is a photon 
spectroscopy and is applicable in situ. An infrared source emits a wide range 
of frequencies, and some of these will be absorbed by metal-adsorbate vibra-
tions when an JR beam is incident on a surface. Analysis of the outgoing 
radiation gives information on. the metal-adsorbate bonds. These vibrate 
at characteristic frequencies, absorbing the appropriate frequencies of ra-
diation, giving rise to absorption bands in the infrared spectrum. In this 
way, very detailed information on molecular structure. and symmetry can be 
obtained. 
Both transmission lB and Diffuse Reflectance Infrared Spectroscopy 
(DRIFTS) have been used to investigate adsorption in this study, and this is 
described in detail in Chapter 3. Study of adsorption and reaction on single 
crystals is described in detail in the following Section. 
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L4 The use of surface science in heterogeneous 
catalysis 
The previously described 'classical' approach to study of heterogeneous catal-
ysis has been supplemented recently with the development of modern sur-
face science techniques. Traditionally, high surface area supported metal 
catalysts have been studied, typically at pressures down to 10-6  mbar, using 
high vacuum glass and metal lines. 
However, more sophisticated vacuum equipment has been developed, to-
gether with an array of surface techniques, for detailed investigation. The 
surface science approach to catalysis is to study catalytic reactions occurring 
in a controlled environment over a well defined single crystal surface, usu-
ally a metal. 'Surface science' developed in the early seventies, when single 
crystals became commercially available as a result of demand in transistor 
manufacture. A single crystal of a metal is grown from the ultra pure melt, 
and can then be cut precisely to expose one particular low Miller index plane 
of interest. The typical exposed area of a single crystal is 1 cm 2 , corre-
sponding to approximately 1 x 1015  surface metal atoms. In order to clean 
and characterise the crystal surface, it is held within a controlled environ-
ment, a stainless steel ultra high vacuum (UHV) chamber. UHV technology 
developed around the same time as single crystals became available, as a 
result of space research. 
In the study of supported catalysts described in the previous Section, the 
catalyst is treated under high vacuum, with the lowest pressure achievable, 
around 10 6  mbar. A 'clean' surface is typically prepared by heating the 
catalyst under hydrogen in order to reduce the metallic component to its zero 
valent state, followed by outgassing under vacuum. However, no techniques 
are available to view the degree of cleanness of the surface at this point. In 
order to be able to prepare, maintain and characterise a clean single crystal 
surface, it is essential that the crystal is treated under UHV conditions. 
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This can be seen by considering the kinetic theory of gases [16]. The rate of 
arrival of gas phase molecules at a surface can be expressed as 
3.51 x 1022  x P 
(TM) 1 / 2 
(1.2) 
where r is in molecules CM-2S-1, P is the pressure in Torr 1,  T is the absolute 
temperature and M is the molecular weight of the impinging gas molecules. 
For N2 at 298K at 1 Torr this gives r = 3.84x10 2° molecules cm -2 s- '. The 
time to achieve monolayer coverage at different pressures can be calculated 
assuming a typical single crystal has 1015  adsorption sites cm 2 . This gives 
times for monolayer adsorption of 3 x 106  s at 1 Torr, 3s at 1 x 106  Torr and 
3600s at 1 x 10 Torr. Hence in order to be able to prepare and maintain 
a clean surface during the course of an experiment, a vacuum of 1010  Thrr 
or better is imperative. Even at these low pressures, some surfaces, partic-
ularly the more open ones, become contaminated by residual gases in the 
UHV system, especially CO and hydrogen. 
UHV conditions are also necessary for some of the techniques used, so 
that the mean free path lengths of electrons and ions in the gas phase are 
very long in order that they have not collided with gas phase molecules 
before reaching the sample. 
A typical surface science type experiment involves cleaning the crystal 
under reactive gases or by Ar+  bombardment. The cleanness of the surface 
can then be monitored using UHV techniques and surface spectroscopies. 
The adsorbate under study is then dosed onto the surface and adsorption 
and reaction are monitored. 
A whole array of tchniques has been developed over the past two decades. 
These techniques have to be particularly sensitive due to the inherently 
small number of adsorption sites on a typical single crystal, compared with 
that of typical supported metal catalysts. It is now possible to detect frac- 
1 1 Tbrr = 1.333x10 3 atm. 
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tions of monolayers on single crystals under UHV conditions. Some of the 
most commonly applied techniques are listed in Table 1-1. 
Table 1-1: Some modern techniques of surface science (with acronym). 
MASS SPECTROSCOPIES 
Thermal Desorption Spectroscopy (TDS) 
Secondary Ion Mass Spectroscopy (SIMS) 
Laser Induced Mass Analysis (LIMA) 
ELECTRON SPECTROSCOPIES 
Low Energy Electron Diffraction (LEED) 
Auger Electron Spectroscopy (AES) 
Electron Energy Loss Spectroscopy (EELS) 
High Resolution Electron Microscopy (HREM) 
PHOTOELECTRON SPECTROSCOPIES 
Ultraviolet Photoelectron Spectroscopy (UPS) 
X-ray Photoelectron Spectroscopy (XPS) 
PHOTON SPECTROSCOPIES 
Reflection Absorption Infrared Spectroscopy (RAIRS) 
Infrared Emission Spectroscopy (IES) 
Raman Spectroscopy 
Secondary Harmonic Generation (SHG) 
Sum Frequency Generation (SFG) 
X-ray Absorption Edge Fine Structure (EXAFS) 
The techniques listed are mainly applicable to well defined single crystals 
under UHV conditions. Because a single crystal surface is ordered and well 
defined, techniques such as Low Energy Electron Diffraction (LEED) can 
be applied in a surface science context. In contrast, they are not applicable 
to supported catalysts, which have a wide range of poorly defined surfaces. 
Thermal Desorption Spectroscopy (TDS) may be applied in both instances, 
and results from the simplified single crystal study may be used to interpret 
more complicated thermal desorption spectra from supported metals. TDS is 
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a destructive technique - the adsorbate is driven off the surface and the ad-
sorption process is analysed. In certain instances using a high beam energy, 
LEED can lead to desorption of a weakly held overlayer but in general it 
is a non destructive technique. Reflection Absorption Infrared Spectroscopy 
(RAIRS) cannot be applied to supported metals, but is applicable to single 
crystal surfaces in the surface science context at low pressure, and using 
polarisation modulation at higher pressures to remove gas phase infrared 
absorption bands. RAIRS is only one form of infrared spectroscopy, and in-
deed transmission JR is one of the most widely applied of all techniques in 
studying catalysis. This and other relevant forms of infrared spectroscopy 
form the bulk of the techniques used in the study described in this Thesis. 
The obvious discrepancy between experiments performed on single crys-
tals under UHV conditions and those on supported metal catalysts is the 
large pressure difference between the two regimes, and this has long been 
recognised [17-191. The difference is magnified further if the operating con-
ditions of working catalysts, often hundreds of atmospheres of pressure, are 
considered. This has often been cited as a major disadvantage of the sur-
face science approach to catalysis, and recently attempts have been made 
to 'bridge the pressure gap'. It must be borne in mind that studies of sin-
gle crystals under controlled environments are studies of model systems, 
and in saying this, results obtained for single crystals have been used to 
good effect in interpreting other studies [20]. It is often possible to obtain 
more detailed information using model catalysts, and this can be used as 
reference data for real catalysts, with remarkable agreement often existing. 
The contribution of surface science to heterogeneous catalysis has been long 
debated and is well documented [19, 21-281. Many articles on the subject 
of surface science have been published [10, 29-311. New concepts, such as 
surface reconstruction and surface relaxation, have emerged from surface 
science studies. 
Perhaps one of the best techniques available for the study of adsorption on 
single crystal model catalysts in situ is RAIRS. CO has been the most widely 
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studied adsorbate for several reasons, principally because it is a strong in-
frared absorber. More recently, it has become possible to use RAIRS to study 
adsorption and reaction of hydrocarbons which are more weakly absorbing 
[32, 331. The first reports of RAIRS study of hydrocarbon adsorption on a 
single crystal surface were as recent as 1986 {34-36]. It is now possible to use 
RAIRS to study in situ adsorption of CO [37,38] and of hydrocarbons [391 at 
high pressures. This is achieved by having a cell, capable of withstanding 
high gas pressures, attached to a UHV chamber, so that the crystal can be 
prepared and characterised under UHV conditions both before and after an 
experiment in which it is isolated in the high pressure cell. The advantage 
of in situ RAIRS used at high pressure is that weakly absorbing species with 
short surface residence times can be observed - they are usually pumped 
away as soon as the supporting gas phase is removed. Before it was possible 
to undertake RAIBS experiments at pressures above those which could be 
withstood by a UHV chamber, a number of experiments were reported on 
the kinetics of reactions at higher pressures [18, 40-451. A comprehensive 
review of high pressure catalytic reactions over single crystal metal surfaces 
has been published [46]. A detailed analysis of the surface before and af-
ter reaction can now be related to the quantitative kinetics observed under 
realistic catalyst working conditions. The first experiment undertaken to 
measure the rate of a catalytic reaction at high pressure, with character-
isation in a low pressure chamber, was the hydrogenation of cyclopropane 
on Pt(111)[47]. Turnover rates were found to be almost identical to those 
obtained for the same reaction over supported platinum [48, 49]. 
One system which exemplifies the surface science approach to hetero-
geneous catalysis is that of the adsorption of the simplest alkene, ethene, 
on both single crystal and supported metals. On Pt(111), the formation 
of the ethylidyne species, C-CH 3 , following ethene adsorption has been 
detected, using a multitude of techniques. These include Temperature Pro-
grammed Desorption (TPD) [50, 51], RAIRS [32, 39, 521, EELS [53], LEED 
[23] and Secondary Ion Mass Spectroscopy (SIMS) [511. There have been 
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several studies of ethene adsorption leading to ethylidyne formation on sup-
ported metal catalysts, including transmission JR studies on Pt/A1 203 [54] 
and on NiJA1 203 [55], and DRIFTS on PtJSi0 2 and Ni/A1 203 [56]. Using 
infrared spectroscopy in situ, the concentration of ethylidyne on the surface 
can be determined by following the intensity of the 6(CH3) band at 1335-
1340cm-1 . Solid state NMR has also been used to investigate ethylidyne 
formation kinetics, in the form of 2H NMR Spectroscopy [57]. The appli-
cation of the surface science type study is vindicated by a comparison of 
the single crystal and supported catalyst results, showing that the adsorbed 
species vary with both the metal substrate and the crystal plane involved. 
L5 Multitechnique approach to surface 
studies 
The approach to the study of catalytic reactions described in this Thesis 
involves the, use of several techniques. Firstly, deuterium exchange exper-
iments are described, involving the exchange of methylcyclopentane with 
deuterium over several silica supported metal catalysts. These reactions 
were followed using mass spectroscopy and the reaction products were col-
lected and analysed using 2D NMR spectroscopy. 
The remainder of this Thesis is concerned with the application of in-
frared spectroscopy to observe vibrations of species adsorbed on surfaces. 
In Chapter 3, Diffuse Reflectance Fourier Transform Infrared Spectroscopy 
(DRIFTS) and transmission infrared spectroscopy are used to investigate 
the adsorption and temperature programmed desorption of cyclopentene, 
cyclopentane and methylcyclopentane on EuroPt-1, a well characterised 
PtJSi0 2 catalyst. The same cyclic hydrocarbon molecules were then in-
vestigated using Reflection Absorption Infrared Spectroscopy (RAIRS) on a 
Pt(111) single crystal model catalyst. 
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Chapter 2 




A powerful way of determining information on mechanisms which take place 
on a catalyst surface is the use of isotopic exchange reactions. Catalytic 
exchange of hydrocarbons with deuterium has been widely investigated over 
several decades. Although reaction intermediates are not observed directly, 
the end products of an exchange reaction reveal information on the nature of 
possible adsorbed hydrocarbon intermediates from the number and position 
of deuterium atoms incorporated into the molecule prior to desorption into 
the gas phase. Essentially, this technique uses the deuterium isotope as a 
label, which is incorporated into short lived intermediates, and analysis of 
the end products can be used to extrapolate back to determine the reactivity 
and relative importance of various possible intermediates. 
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2.2 Exchange of hydrocarbons with deuterium 
The history of exchange reactions with deuterium can be traced back to 1946, 
when the deuterium isotope first became available for catalytic studies [58]. 
Initially, exchange reactions with deuterium were followed, using techniques 
such as microwave spectroscopy, for example to study propene-D 2 exchange 
[59], infrared spectroscopy [60], thermal conductivity measurements of the 
dilution of deuterium by hydrogen [61] in the exchange of deuterium with 
n-hexane and cyclohexane, and even combustion analysis, to determine the 
deuterium content of the hydrocarbon under study [62]. 
Subsequently, with developments in mass spectrometer instrumentation, 
a vast field of catalytic exchange reactions opened up. Many papers were 
published, the earliest examples being methane exchange with deuterium 
over a Fischer-Tropsch cobalt catalyst [63] and over evaporated nickel films 
[64], as well as studies of the exchange between CH 4 and CD4 [65-671 and 
the exchange of hydrocarbons with deuterium on palladium catalysts [68]. 
Since these early studies, many investigations have been carried out, 
and the whole subject of exchange reactions has been reviewed [69, 701. 
Exchange of higher alkanes with deuterium over supported metal catalysts 
and evaporated metal films has been studied extensively [71]. Some rather 
unusual molecules have been used to test particular exchange mechanisms. 
Bicyclo[2,2,1]heptane [68], norborane [68] and adamantane [72] show very 
limited exchange distributions, due to molecular geometry preventing prop-
agation of exchange around the molecule. 
The exchange reactions of cyclic hydrocarbons have been investigated. 
Cyclopentane has been one of the most highly studied molecules, over sev -
eral different metals [73-75] and is discussed below to illustrate some 
of the processes undergone by the molecule. Unlike linear alkanes, rotation 
is restricted about the carbon—carbon bonds of a cyclic molecule. Forma-
tion of D 1 to D 5 cyclopentanes can be explained by a mechanism involving 
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interchange between c and a,@ diadsorbed cyclopentane, known as the afi 
mechanism [76,771. Some of the most common intermediates are illustrated, 
with their commonly used nomenclature, in Figure 2-1. 
CR 3 	CR 2 	CR 	R 2 C= CR 3 	R 2 C—CR 3 
	
I II III I 	I 
* 	* 	* 	 * 	 * * 
a acc aaa Alkene 
CR 2 
/\ 
R 2 C—CR—CR 3 	R 2 C 	CR 2 
I I 
* 	 * 	* 
afry 	 cxy 
Figure 2-1: illustration of some common intermediates observed on catalyst 
surfaces. 
Molecules containing more than five deuterium atoms must either be 
formed from more than one visit to the catalyst surface or by some mech-
anism which can propagate exchange to the other side of the ring. Ex-
periments at low temperatures over platinum, rhodium and nickel showed 
considerable D 5 formation and a small extent of exchange beyond this [731, 
as well as a variation in the distribution with the metal. However, over a 
PdJAI203 catalyst at 313K, a substantial amount of D 10 and some D 8 was 
formed, in addition to a maximum at D 5 [68, 781, with the size of the max-
imum at D 10 increasing with temperature. Similar behaviour was also ob-
served for an evaporated platinum ifim at 273K [73]. It was reported that 
at least five distinguishable processes with varying activation energies were 
thought to be involved in the exchange of cyclopentane with deuterium over 
palladium [78]. The mechanism for the turnover of the cyclopentane ring 
is thought to be a rollover mechanism, as illustrated in Figure 2-2. The 
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hydrogen atoms on each side of the ring are illustrated as H or h to clarify 
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Figure 2-2: Proposed rollover mechanisms for cyclopentane. 
In this mechanism, the a# diadsorbed cyclopentane rolls over on the cat-
alyst surface through a vertically adsorbed alkene species, thus transferring 
adsorption to the other side of the ring and enabling the hydrogen atoms 
there to be exchanged. This mechanism can explain the minor peak at D 8 , 
if D3  cyclopentane rolls over and exchanges the five hydrogen atoms on the 
other side of the ring, as well as the maximum at D 10 , if there is easy multiple 
rollover. 
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2.3 Kinetics of exchange reactions 
When an isotopic exchange reaction is being followed using mass spectrom-
etry, a small sample of the reaction mixture is taken at regular intervals 
or drawn off continuously to be analysed. From analysis of the set of mass 
spectra recorded, much information can be gained on the kinetics of the reac-
tions occurring on the surface of the catalyst, and hence on the predominant 
mechanisms. Any such mass spectrum obtained consists of a set of peaks of 
intensity proportional to the amount of each isotopic species present. Usu-
ally the assumption is made that the probability of ionisation of a species 
in the mass spectrometer is independent of the number of hydrogen or deu-
terium atoms in the molecule [62]. This assumption has been justified [791. 
The mass spectra recorded must be corrected for naturally occurring 13C 
(1.1%) and 2D (0.02%). Consideration must also be given to formation of 
fragment ions from one isotopic species having the same mass/charge ratio 
as peaks from other species. This problem can be reduced by using as low 
an ionising voltage as possible to minimise fragmentation but still achieve 
reasonable sensitivity. 
The detailed analysis of exchange reactions described by Kemball [621 is 
summarised below. The course of an exchange reaction is followed by the 
mean deuterium content of the hydrocarbon molecule under study, , or a 
parameter related to this. If 4D, is defined as 
= d1 + 2d2 + 3d3 + . . . nd 	 (2.1) 
where di is the percentage of the total hydrocarbon 1  present as the isotopic 
species containing i deuterium atoms i.e. CH-D1 at time t. 
'Hydrocarbon is used here to represent all isotopic species 
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The course of the exchange reaction can be described by the rate equation 
d 	I 
(2.2) 
dt (DOO ) 
where k D is a rate constant for the number of deuterium atoms entering 
100 hydrocarbon molecules in unit time, during the early stages of the re-
action, and O o,, is the equilibrium value of . tI can be estimated, as-
suming that in the equilibrium distribution the hydrogen and deuterium 
atoms are randomly distributed in the hydrocarbon and 'hydrogen' mixture. 
oO = XD x n x 100, where XD is the fraction of deuterium atoms in the total 
number of hydrogen and deuterium atoms in the system and n is the number 
of exchangeable hydrogen atoms in the hydrocarbon. 
Integration of this equation gives 
IC4 t 
	
- log10 	- 	= 2.303 	
- log10 	- o) 	(2.3) 
where 4D O is the initial value of . 
Although the assumption that all isotopic species react at the same rate 
was used in the above argument making the equations only approximately 
true, the equations were found to hold for many exchange reactions [62]. 
From the integrated equation, it can be seen that for a first order re- 
action a plot of log 10 ( - vs. t will give a straight line with gradient 
-k/2.303>. Hence for a first order reaction, the rate constant kp can be 
determined. If the equation holds, it is implicit that all hydrogen atoms in 
the hydrocarbon are equally exchangeable. 
Sometimes the first order rate equation does not hold -ssumption that 
all isotopic species are equally likely to fragment may not be valid. This is 
discussed further in Section 2.5.2. Another problem can be poisoning of the 
catalyst during the course of reaction. 
Another way of following an exchange reaction is to determine the rate 
constant, k, representing the rate of disappearance of the light hydrocarbon 
(i.e. that containing only hydrogen atoms). For k expressed as a percentage 
24 
per unit time, then 
- log10 (Do - D) = 
kt 
2.303(100 —D) 
- log 10 (100 - D) 	(2.4) 
where D0 is the percentage of light hydrocarbon at time t and 100 and D c , 
are the initial and final percentages of the light hydrocarbon. 
The rate constant k can be determined by plotting a graph of log (D 0 - D) 
vs. t. This graph will again give a straight line for a first order reaction, and 
the ratio of the two rate constants, known as the multiplicity, defined as 
M= 	 (2.5) 
represents the mean number of hydrogen atoms replaced by deuterium 
atoms in each hydrocarbon molecule undergoing exchange in the initial 
stages of reaction. A value of M close to unity indicates that one hydro-
gen atom is replaced by one deuterium atom on one visit to the surface, 
i.e. exchange is stepwise. When M is greater than one, multiple exchange 
occurs, with several hydrogen atoms being exchanged on one visit to the sur-
face. In a multiple exchange reaction there will be immediate appearance of 
highly deuterated product molecules in the initial product distribution. 
It is important to bear in mind that the rate equations - and hence the 
rate constants just described - refer to initial stages of reaction when the 
hydrocarbon has visited the surface once. At some point the equations may 
no longer hold, due to poisoning of the catalyst or to dilution of the deuterium, 
as discussed in the previous Section. This is reflected by a curvature in the 
plots. However, the initial gradient can be used to obtain the rate constants 
k and k. These initial rates and product distributions are of interest to 
establish the mechanisms involved in the exchange into the hydrocarbon 
from only one visit to the catalyst surface. 
The chance of a molecule visiting the catalyst surface more than once can 
be calculated using the addition law of probability. This states that when 
there are several possible ways for an event to occur, the probability of an 
event occurring in one way is the sum of the probabilities of the occurrence 
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in each of the different possible ways [80]. Hence, when one molecule out 
of one hundred has reacted on the surface, the chance of the same molecule 
visiting the surface again is . Thus at 15% reaction, + + +. . . + = 99 98 97
1.24%will have reacted twice, and at 20% reaction this proportion increases 
to 2.34%. 
The values of ko and k are specific to the one experiment. They will be 
affected by reactant pressures. A full study of reaction kinetics requires 
several experiments using varying initial pressures, since only one plot of 
log1o( - vs. t may not reflect the true kinetics of the reaction. 
2.4 Application of 2D NMR in the study of 
hydrocarbon exchange reactions 
More, recently, with high field NMR instruments being developed and becom-
ing more readily available in the 1970s, along with computer line narrowing 
techniques, the study of exchange reactions of hydrocarbons with deuterium 
has been further developed. A high field spectrometer is required since the 
the isotopic shifts are of the same order as the width of the resonances. The 
deuterium isotope, 2D, is an NMR active nucleus with spin = 1, and despite 
its very weak signal, it can now be routinely studied on modern high field 
Fourier Transform (FT) spectrometers. 
The major advantage of the use of 2D NMR spectroscopy in studying ex-
change reactions is that the position of the deuterium atoms incorporated 
into the hydrocarbon molecule can be unambiguously determined. The po-
tential of this technique was first realised with a study of catalytic reactions 
of cyclopentene over zinc oxide [81]. The exchange of deuterium into cy-
clopentene occurs, as well as the addition reaction to form cyclopentanes 
which occurs at a slower rate. 
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The 2D NNR spectrum for the isotopic cyclopentenes produced in the 
exchange reaction showed resonances at 6 = 5.78 and 2.31 ppm due to D 
being exchanged at the alkene carbon atoms and the adjacent allylic carbon 
atoms respectively. Integration of the area under these peaks showed that 
most deuterium was incorporated at the alkene carbon atoms. The 2D NMR 
spectrum recorded for the isotopic cyclopentanes produced from addition of 
deuterium to cyclopentene over zinc oxide provided more information, and is 
shown in Figure 2-3. The 2D NMR spectra from the isotopic cyclopentanes 
were analysed and results compared with mass spectral data, and showed 
the potential use of 2D NMR spectroscopy in identification and quantification 
of deuterium in products of such reactions. These spectra show resonances 
1.30 
1.4S 
Figure 2-3: 2D NMR spectrum from cyclopentanes produced from addition 
of D2 to cyclopentene over zinc oxide, from [81]. 
at 6= 1.501, 1.494, 1.482, 1.476 and 1.468 ppm. The position of a resonance 
in an NMR spectrum depends on the location of the atom in the hydrocarbon 
molecule and also on any additional isotopic shifts caused by neighbouring 
deuterium atoms in the same molecule. The chemical shift, 6, is normally 
of the order of parts per million (ppm) and the isotopic shifts are smaller, 
shifting the resonance several parts per billion (ppb) downfield. 
The resonances listed above were thought to be due to D 1 -cyclopentane 
at 6 = 1.501, 1,2-D 2-cyclopentane at 5= 1.494, 1,1,2-D 3-cyclopentane at both 
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ppm 
S = 1.482 and 1.476, and 1,1,2,2-D 4-cyclopentane at 6 = 1.468respectively. 
The NMR spectra could also be used quantitatively to determine the relative 
quantities of each species produced. The data from integration of the areas 
under the NMR resonances is shown in Table 2-1. These show good agree-
ment with calculations made from mass spectral analysis of the reaction. 
Hence, it was observed that the isotopically substituted cyclopentanes could 
Table 2-1: Mass spectral (MS) and NMR analysis of cyclopentanes formed 









D 1 - 2.4 1.501 2.8 
1,2-D- 2- 41.9 1.494 41.9 
12.7 1.482 10.0 
38.9 
1,1,2-D3- 12.7 	38.0 1.476 28.9 
12.7 
1,1,2,2,-D 4- 17.7 1.468 23.9 
a The two component peaks were insufficiently resolved 
for the relative intensities to be reliable and were 
assumed to occur in a 1:2 ratio 
be identified using 2D NMR, and the relative quantities of each determined. 
Following on from the study of cyclopentene reactions over zinc oxide, 
a series of (deuterium) isotopically substituted cyclopentanes was prepared 
in order to accurately determine the isotopic shifts caused by neighbouring 
deuterium atoms in the molecule [82]. This was done on the basis of the 
chemical shift of the analogous H containing compound, and then with con-
sideration of the additional isotopic shift. The shifts determined are listed 
in Table 2-2. Hence, with a knowledge of these shifts, the distribution of 
deuterium atoms in isotopically substituted cyclopentane molecules can be 







established and groupings of deuterium atoms can be identified from the 
position of the resonances. 
Further study has been made of cyclopentane exchange using 2D NMR 
spectroscopy [831, and of the exchange of some alkanes over silica supported 
platinum and rhodium catalysts [84-86]. More unusual molecules, including 
diethylether and tetrahydrofuran, have shown the use of 2D NMR in inves-
tigating exchange accompanied by hydrogenolysis, as well as the apparent 
blocking effect of the ring oxygen atom [87], and exchange of ketones with 
deuterium [88]. 
Following the successful 2D NMR study of the exchange reaction of cy-
clopentane with deuterium, methylcyclopentane was selected as an inter-
esting test molecule to investigate using 2D NMR spectroscopy, and to inves-
tigate the propagation of exchange from the ring hydrogen atoms into the 
methyl group. Unlike cyclopentane, which has two equivalent sets of hydro-
gen atoms, methylcyclopentane has two inequivalent sets of ring hydrogen 
atoms, as well as the set of methyl hydrogen atoms. The methyl group acts 
as an additional 'handle' to investigate the extent of exchange beyond ring 
hydrogen atoms. Preliminary experiments showed that methylcyclopentane 
was suitable for study using 2D NMR spectroscopy, since deuterium atoms 
in different locations in methylcyclopentane were found to have different 
chemical shifts. Generally the use of 2D NMR spectroscopy is limited to 
molecules with restricted conformation so that individual resonances can 
be distinguished. The resonances were found to be further split by isotopic 
4:J 
shifts resulting from neighbouring deuterium atoms in the same molecule. 
The investigation of methylcyclopentane exchange with deuterium over sev-
eral metals, using the combined techniques of mass spectrometry and 2D 
NMR spectroscopy, is described in Section 2.5. 
The exchange reaction of methylcyclopentane with deuterium over Pd-
alumina was investigated using mass spectrometry as long ago as 1957 [68, 
76, 781. The distribution of isotopic products obtained from one of these 
experiments is reproduced in Figure 2-4. There are clear discontinuities 
in the distribution after D 4 , D 8 and at D 12 methylcyclopentanes. This can 
be explained by considering the hydrogen/deuterium atoms in the molecule. 
The twelve 'hydrogen' atoms can be grouped into three sets; the three in the 
methyl group, the four on the side of the ring cis to the methyl group, and the 
remaining five on the other side of the ring. Exchange can propagate within 
or between these groups by invoking various intermediates and mechanisms. 
The set of four hydrogen atoms on the side of the ring cis to the methyl group 
can exchange via interconversion between mono- and di-adsorbed alkane 
species, which may explain the break at the D 4 product. If adsorption onto 
the surface is initially via the other side of the molecule, then the group of 
five hydrogen atoms can exchange in a similar manner, and this may also 
propagate into the methyl group via an eclipsed 1, 2-diadsorbed species. This 
would give rise to a maximum in the distribution at D 8. There must also be 
some mechanism operating to enable exchange to propagate between both 
sides of the molecule in order to get the products up to D 12 . 
With no further experimental evidence available at that time, it was 
concluded that the experimental distribution was made up of a sum of con-
tributions from molecules initially adsorbed on each side, and thus leading 
to different relative quantities of each possible product. Now, with the use of 
2D NMR spectroscopy, previously established mechanisms have been further 
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Figure 2-4: Isotopic distribution of products from exchange of methylcy-




The experiments described in this Chapter involve the exchange of methyl-
cyclopentane with deuterium over several silica supported metal catalysts. 
The course of each reaction was followed by mass spectrometry and at the 
end of each reaction, the hydrocarbon was collected and analysed using 2D 
NMR spectroscopy. Details of the experiments and subsequent analysis are 
presented in Sections 2.5.2 and 2.7. Details of purity and suppliers of all 
chemicals and gases used are listed in Appendix A. 
2.5.2 Apparatus and Procedure 
All experiments were carried out using a mercury diffusion pumped recir-
culating glass line. This is illustrated schematically in Figure 2-5. The 
vacuum line consists of two separately pumped regions. The gas handling 
section was pumped separately from the remainder of the line which in-
cluded the reaction vessel and the recirculating loop. Each section is pumped 
by one three-stage diffusion pump backed by an Edwards ED50 oil rotary 
pump. Liquid nitrogen traps were used between the diffusion pumps and 
the vacuum line to minimise contamination by mercury. All taps on the line 
were Springhams high vacuum ground glass stopcocks, and were lubricated 
with Apiezon L high vacuum grease. The vacuum was monitored using a 
McLeod gauge, and was typically 1 x 10-6  mbar. 
The catalysts used in this study were all 10 mole g' of metal on a 
silica support, as described previously [85, 89, 901. The preweighed catalyst 
was placed in a detachable reaction vessel, held loosely between two glass 
wool plugs. The reaction vessel was attached to the recirculating loop via 
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Figure 2-5: Schematic diagram of glass vacuum line. 
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joints were then firmly held by lockable spring clips. The temperature of the 
catalyst was constantly monitored via a type K chromel-alumel thermocou-
ple situated in a small well on the outside of the reaction vessel, adjacent 
to where the catalyst was situated. The reaction vessel was heated us-
ing a close-fitting electrical furnace, controlled by a Eurotherm proportional 
temperature controller. This maintained the catalyst at the desired temper-
ature, using feedback of the catalyst temperature from the thermocouple to 
adjust the furnace output accordingly. 
The hydrogen for catalyst reduction was passed through an Englehard 
Deoxo unit to remove any oxygen present, and then over a zeolite 4A molec-
ular sieve to remove any water. Hydrogen was then admitted to the line, 
and when the hydrogen pressure in the line was one atmosphere an outflow 
tap was opened to set up a continual flow of hydrogen over the catalyst. 
During reduction the hydrogen flowed through the vacuum line at a rate 
of 3ml sL,  monitored using a floating head rotameter in the recirculating 
loop. The catalyst was then reduced under flowing hydrogen at 673K for 
one hour. The hydrogen flow was then stopped and any remaining hydrogen 
was evacuated from the line. The catalyst temperature was then increased 
by 50K and the catalyst was heated under vacuum for 30 minutes prior to 
cooling to the reaction temperature. 
Deuterium was stored in a bulb on the gas handling section. Prior to use, 
it was purified by passing through a heated palladium-silver alloy thimble, 
and then through a liquid nitrogen cooled trap to a previously evacuated 
bulb. Methylcyclopentane, a liquid at room temperature and pressure, was 
stored in an evacuated glass vessel sealed with a teflon 'Rotaflo' tap, and 
could be attached to the gas handling line as required via a ground glass 
joint. Before use, the methylcyclopentane was purified by two or three 
freeze/thaw cycles. 
The reactants were mixed and equilibrated in the gas handling section 
prior to admission to the catalyst. Firstly, after purification as described 
above, the desired amount of methylcyclopentane, as measured using a mer- 
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cury manometer, was expanded into the mixing volume where it was de-
gassed in another freeze/thaw cycle. It was then frozen down again, during 
expansion of deuterium from the storage bulb on the glass handling line into 
the same volume. The cold trap was then removed and the two gases allowed 
to equilibrate for 20 minutes. After equilibration, the reactants were ex-
panded into the recirculating loop, but bypassing the isolated catalyst. The 
gases were pumped round this volume using a Metal-Bellows Corporation 
(MB21E) all metal reciprocating pump. The flow rate used was - 30 ml s', 
as measured using the rotameter, to ensure that reaction rates were not 
limited by pumping speed. Typically, a pressure of 0.029 bar of methylcy-
clopentane was used in a volume of 360 cm', giving a charge of 2.5 x 10 20 
hydrocarbon molecules. Deuterium was used in a five-fold excess in order to 
minimise isotopic dilution by hydrogen during the exchange reaction. 
When the catalyst was at the reaction temperature, the reactants were 
admitted to the catalyst, and the exchange reaction began. The reaction was 
then followed by recording mass spectra at suitable intervals, until it had 
progressed to between 15 and 20% exchange, i.e. 85-80 % of the starting 
quantity of methylcyclopentane was still unreacted, the optimum amount 
for subsequent 2D NMR analysis. A capillary leak from the recirculating 
loop was connected to a VG Micromass 601 mass spectrometer. This is 
a fast scanning 90 0 magnetic sector instrument. The quantity of reaction 
mixture drawn off was very small, of the order of 2% hour'. In the mass 
spectrometer, the molecules were ionised using 25eV electrons produced by 
a tungsten filament. The ionising voltage was selected as a compromise 
between minimum fragmentation and maximum sensitivity. Using 25eV 
electrons, the parent ion of methylcyclopentane (mlz = 84) was monitored, 
and minor peaks were observed at m/z = 83 (5% relative to m/z = 84 peak) 
and 82 (1% relative to m/z = 84 peak). 
The region around the parent ion, including fragments and deuterated 
species, was scanned by increasing the magnetic field strength while main-
taining a constant accelerating voltage. The spectra produced were recorded 
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on a fast response potentiometric Kipp and Zonen BD40 chart recorder. The 
peaks were amplified to maximise their height on the recorded spectra. The 
peak heights were then measured and subsequently analysed using a com-
puter program, making several corrections to the recorded intensities [91, 
921. The program was used to correct the experimentally recorded spectra 
for the contribution from naturally occurring isotopes, and for fragmentation 
due to loss of hydrogen or deuterium, and was used to calculate the actual 
percentage of each isotopic species present. The program also takes into ac-
count that due to the kinetic isotope effect, C—D bonds are less likely to break 
than C—H bonds and hence there is a greater chance of loss of hydrogen than 
deuterium during fragmentation of a molecule containing both in the mass 
spectrometer. Also, the dependence of the chance of fragmentation of C—H 
and C—D bonds on the nature of other bonds in the molecule was included. 
A further correction was made for the contribution of fragmented high mass 
species to peaks due to less exchanged molecules. The reliability of these 
corrections was assessed by comparing the fragment peak intensities in the 
corrected peak intensities with those in the recorded spectra. Typically, a 15 
mass unit scan took 4 minutes to record. 
The reaction was stopped by isolating the catalyst, and a final mass spec-
trum was recorded before the hydrocarbon was frozen down into a cold finger 
on the gas handling section. The collection of hydrocarbon was monitored 
by following the decay of the peak due to the parent ion using the mass 
spectrometer. The deuterium was then evacuated and the hydrocarbon was 
in CHCl3 
distilled into a 5mm NMR tube containing 0.5cm 3 of 5% CDCIP The tube 
was then flamed to form a permanent seal, and the sample was subsequently 
analysed using 2D NMR spectroscopy. 
The 2D NMB spectra were recorded using a BrUker WH360 spectrometer 
operating at 55.28 MHz and using the Aspect 3000 data system. This reso-
nance frequency for deuterium corresponds to 360 MHz for proton resonance, 
the magnetic field strength being 8.46 Tesla. The deuterium in the5% CDC1 3 
solvent used to collect the sample acted as an internal reference taken as 5= 
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7.25 ppm. Spectra were recorded at 298K and broad band proton decoupling 
(1.25W) was used. A satisfactory signal to noise ratio was obtained from ap-
proximately 200 transients using a 70 0 pulse, spectral width of 500 Hz and 
8000 data points. This gave an acquisition time of 8.2 seconds. The data 
was expanded to 64 000 data points before Fourier Transformation of the 
accumulated signal, giving a digital resolution of 0.006ppm (0.016 Hz) per 
data point. The resonance positions were determined accurately using line 
narrowed spectra, since they could not be determined accurately using the 
directly transformed spectra. This is because the small isotopic shifts are of 
a similar magnitude to the line widths of resonances. Line narrowed spectra 
were obtained by multiplication of the accumulated decay signal by a double 
exponential function before expansion of the dataset. This involved careful 
selection of the function parameters GB and LB in the Briker NMR pro-
gram FTQ 82061 to optimise resolution without the introduction of spurious 
features. All spectra presented in this Chapter have been line narrowed. 
2.6 Results 
Details of the experiments carried out are summarised in Table 2-3. One 
Table 2-3: Summary of experiments. 





exchange I % 
Pdl 197.6 293 14.9 
Pd2 101.1 333 1.3 
Ptl 31.4 333 17.5 
Rhi 48.8 333 17.3 
experiment at 333K using each metal, and an additional reaction over pal- 
ladium at 293K were carried out. The final column in Table 2-3 shows the 
extent of exchange, as determined using mass spectrometry when the reac- 
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tion was stopped. This final product distribution is of interest in order to 
correlate the mass spectrometric and NMR results. Initial reaction rates 
were investigated but no detailed analysis of the initial product distribu-
tions was necessary in this study. The initial rate of reaction is also listed 
in Table 2-4. 
In all the experiments, the full range of possible deutero - methylcy-
clopentanes was formed. The relative amounts of each are shown in Table 
2-4. The product distributions determined using mass spectroscopy are also 
shown graphically in Figures 2-6,2-7, 2-8 and 2-9. 
The final line in Table 2-4, M, shows the average deuterium content of 
each product molecule. At this stage, the assumptions that can be made are 
that D 1 —D 5 products represent molecules exchanged on one side of the ring 
only, that D 6—D 8 are probably molecules exchanged on the open side and also 
in the methyl group, and D 9—D 12 are molecules exchanged on both sides and 
in the methyl group. 
The 2D NAM spectra, recorded for the hydrocarbon samples collected at 
the end of each experiment, are shown in Figures 2-10, 2-11, 2-12 and 
2-13. Each spectrum shows a number of resonances in the range 6 = 0.90 
to 1.90 ppm. These can be grouped into six sets of peaks, labelled I— VI 
in each case. Each set of peaks corresponds to resonances from deuterium 
atoms located in different positions within the exchanged. methylcyclopen-
tane molecules. The six possible locations for a deuterium atom in a methyl-
cyclopentane molecule are shown in Figure 2-14, and the chemical shift, 6, 
resulting from a D atom in each position is as listed in Table 2-5. The labels 
of the two sides of the ring, the 'open' side and the 'hindered' side are also 
shown in Figure 2-14. The hindered side refers to the deuterium atoms on 
the side of the ring cis to the methyl group, and the open side refers to the 
other side of the ring. The further splitting of each set of resonances is 
caused by isotopic shifts resulting from neighbouring deuterium atoms in 
the same molecule. These shifts are termed c for a shift caused by a D atom 
two bonds away, / for a three bond shift and -y  for a four bond shift. The 














% of species 
Do 85.1 80.7 82.5 82.7 
3.9 1.2 4.2 1.7 
D 2 2.9 1.9 2.2 2.8 
D3 1.2 1.4 1.5 1.8 
D 4 1.3 1.5 1.6 1.7 
D 5 0.5 0.7 1.6 1.6 
D6 0.5 0.7 0.9 1.6 
D 7 0.7 0.9 0.8 1.7 
D8 1.5 1.1 1.0 1.7 
D9 0.2 0.8 0.5 0.9 
D 10 0.3 1.6 0.5 0.8 
D 11 0.7 3.4 1.0 0.7 
D 12 1.2 4.2 1.7 0.3 
M 4.5 7.7 5.0 5.2 
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Figure 2-14: The six positions for D atoms in methylcyclopentane. 
Table 2-5: Chemical shifts due to deuterium atoms in methylcyclopentane. 
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Figure 2-15: illustration of isotopic shifts for a D atom in position IV in 
methylcyclopentane. 
shifts are illustrated for a D atom in position IV in Figure 2-15, and the 
magnitude of the isotopic shifts, equally applicable to a D atom in any of the 
six positions are shown in Table 2-6. The isotopic shifts are additive, the 
net isotopic shift observed resulting from contributions from all neighbour-
ing deuterium atoms. The values of the isotopic shifts listed were known 










approximately from previous 2D NMR study of cyclopentane [82], and other 
hydrocarbons [93]. 
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2.7 Analysis of results 
The peaks in the NMR spectra were integrated to determine the relative 
amounts of deuterium in each position in the methylcyclopentane molecules. 
The NMR spectrum is composed of resonances from deuterium incorporated 
into all product molecules. The origin of each deuterium resonance can be 
traced back to specific deuterium atoms, and used to. obtain information 
on neighbouring deuterium atoms using the known values of chemical and 
isotopic shifts listed in Tables 2-5 and 2-6. The quantitative data obtained 
from experiment Pdl is presented in Table 2-7. 
The resonances due to deuterium in each of the six positions were iden-
tified, and then the area under each distinct peak or group of peaks was 
integrated in order to determine the relative amount of deuterium at each 
position. This is shown in the final column of Table 2-7. Similar analyses 
were performed for the other NMR spectra, and the quantitative information 
for all experiments is summarised in Table 2-8. 
Since the isotopic shifts are most clearly resolved in the spectrum from 
experiment Ptl, Figure 2-12, this spectrum will be used to illustrate the 
analysis of the 2D NAM spectra. 
In each of the six resonances, labelled I—VT, the peak at the highest 6 
is due to deuterium atoms in the named position, with no additional shift 
resulting from neighbouring deuterium atoms, i.e. from the D 1 - methyl-
cyclopentane. In the example discussed, there are peaks shifted to lower 
S within each set of resonances, resulting from the isotopic shifts due to 
neighbouring deuterium atoms. The shifts can be determined from the 
known isotopic shifts and by consideration of the location of the D atom in 
the methylcyclopentane molecule. In general, since -y shifts are so small, 
they have been neglected, although their cumulative effect should be borne 
in mind. 
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Table 2-7: Analysis of deuterium in exchanged methylcyclopentanes from 
NMR analysis for experiment Pdl. 
Position of Isotopic Relative % D 
D atom shift in each 
(8/ppm) -AS /ppb position 
I 1.85 0 7.1 
13.4 
1.81 36 6.3 
II 1.72 0 
1.71 9 17.6 
1.70 20 22.7 
1.66 52 5.1 




1.44 53 5.3 
IV 1.60 0 
8.0 
1.59 16 13.0 
1.55 55 5.0 
V 1.03 0 7.5 
13.4 
1.00 32 5.9 
VI 0.95 0 1.7 
0.93 20 2.6 	20.3 




Table 2-8: NMR analysis of groupings of deuterium atoms in exchanged 
methylcyclopentanes. 
Experiment 	 Pdl Pd2. Ptl Rhl 
Average 
Position Isotopic Percentage of deuterium 
of D atom Shift in each group 
- 	 6/ppb 
I - 7 7.1 5.4 11.9 
30 6.3 5.0 
II - 17.6a 5.9 13.7 18.1 
37 5.1 11.3 8.6 4.8 
III - 11.9 5.7 12.9 16.7 
44 5.3 12.1 8.9 5.3 
IV - 8 .0a 49 74 45 
42 5.0 20.9 11.0 6.0 
V - 7.5 3.3 5.0 4.6 
32 5.9 10.6 7.2 6.4 
VI - - - 1.2 - 
12' 1.8 1.3 1.8 2.4 
33 2.6 2.5 2.6 5.7 
55 15.9 14.4 9.3 13.6 
MV, 2.7 2.3 2.0 2.2 
aincludes  partially resolved resonances due to singly 
exchanged molecules 
b  measured only for Ptl and assumed to hold for the 
other experiments 
52 
With reference to Figures 2-14 and 2-15, it can be seen that deuterium 
in position I may experience isotopic shifts due to up to seven 0 shifts, from 
up to three D atoms located in position VI, and up to two in each of positions 
II and V. Since a deuterium atom at position I is attached to a tertiary carbon 
atom, there can be no neighbouring D atoms to give an a shift. Hence the 
shifted component of the peak must be due to a number of /3 neighbours. 
In position II, deuterium may experience isotopic shifts due to a neigh-
bouring D atom in position V giving an a shift, and up to three /3 shifts from 
deuterium atoms at positions I, III and IV. This will give a range of net shifts 
from 'i8ppb for only one 0 shift to p.42 ppb for D in position II with one a and 
three 0 neighbours. In the Ptl spectrum, most of the deuterium in position 
II has neighbouring D atoms, as shown by the intensity of the shifted peaks. 
The unshifted resonance is resolved only as a shoulder of the neighbouring 
resonance, and is included in that integral. 
For deuterium in position III, there can be one deuterium atom at po-
sition IV giving an a shift, and up to four /3 shifts from deuterium atoms 
in positions II, V and the other III and IV positions. The spectrum shows 
most of the resonance to be slightly shifted, and some to be highly shifted at 
34.6 ppb. 
For position IV, the possible isotopic shifts are very similar to those for 
deuterium in position III. However, the integrated area for peak IV shows 
that overall, less deuterium is incorporated at this position as compared 
with the amount at position III, on the other side of the ring. The relative 
intensities of the peaks in groups III and IV are reversed. A deuterium 
atom in position V can experience similar shifts to one in position II, with 
an additional /3 shift possible due to deuterium in position I. The majority of 
deuterium in position V appears in the peak shifted 32 ppb. 
The resonance due to deuterium in position VI, the methyl group, shows 
splitting into four separate peaks. Deuterium in position VI can experience 
up to two a shifts and one 0 shift from deuterium in position I. The largest 
isotopic shift observed in the spectrum, of - Ab  =56 ppb, must be due to two a 
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and one /3 shift. The peaks can be assigned to one exchanged methyl D atom 
at 5 = 0.96 ppm, with the peaks shifted by -z8 = 12 ppb, 33 ppb and 56 ppb 
to a neighbouring D atom at position I, two neighbours, one at position I and 
one in position II, and to the fully exchanged methyl group plus D at position 
I respectively. By far the greatest intensity within the VI resonance is in the 
highly shifted peak, indicating completion of methyl group exchange along 
with exchange at position I is the most favourable process. 
The spectra from the other experiments are broadly similar to the one 
discussed above, but show variation in the relative intensities of the reso-
nances. None of the other spectra show such well resolved resonances for 
singly exchanged molecules in positions I—IV, but for experiment Ptl, the 
methyl group resonance is split into four components. The spectrum from 
experiment Pdl shows perhaps the best resolution in the resonances from 
deuterium atoms located in positions II—IV, where the narrow peak at the 
highest 5 in each group of peaks due to singly exchanged methylcyclopen-
tane is clearly discernible. However, they were not well enough separated 
from the neighbouring peaks to be analysed separately. 
The quantitative NMR data listed in Table 2-8 was then used to investi-
gate the relative amount of exchange of each of the twelve hydrogen atoms 
in a methylcyclopentane molecule. 
A random exchange of deuterium into a methylcyclopentane molecule 
would result in 1/12 or 8.3% of the deuterium being located at position I, 
16.7% at each of positions IT—N, and 25% at position VI for the 1, 2, and 3 
hydrogen atoms at these positions respectively. 
In order to compare the observed exchange with the random exchange 
described above, the observed amount of deuterium for each position, as 
listed in Table 2-8, was ratioed against the equivalent amount expected 
in a random exchange. This would give a ratio of unity for each position 
if the exchange was completely random. Values greater than one indicate 
favourable exchange into that position, whereas values below one suggest 
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poor exchange. The relative amounts of deuterium incorporated into the 
molecule at each position are listed in Table 2-9. 
From the quantitative NMIR data, additional information concerning the 
extent of exchange in the methyl group, position VI, could be calculated. 
Poorest exchange into the methyl group was observed over platinum, al-
though the relative exchange into the methyl group was less than one for all 
experiments, as shown in Table 2-9. 
Table 2-9: Relative exchange at each position. 
Experiment 
Position Pdl Pd2 Ptl Rhi 
I 1.61 0.85 1.25 1.43 
II 1.36 1.03 1.34 1.37 
III 1.03 1.07 1.31 1.32 
IV 0.78 1.55 1.10 0.63 
V 0.84 0.83 0.73 0.66 
VI 0.81 0.73 0.60 0.87 
The methyl group resonance was always resolved into three component 
peaks, and four in the case of experiment Ptl. The mean number of deu-
terium atoms in exchanged methyl groups, MV1,  was determined for each 
experiment, and these values are shown in the final line in Table 2-8. M 
was calculated by dividing the total percentage of deuterium in position VI 
by the sum of the individual peak percentages I the number of D neighbours. 
For experiment Ptl, this gives 
1.2 + 1.8 + 2.6 + 9.3 
M 	= 1.2 + 1.8 + (2.6/2) + (9.3/3) = 2.0 
Comparing the values of MVI  with the figures for the relative exchange 
into the methyl group in Table 2-8, it is apparent that there is poor overall 
exchange into the methyl group in all experiment. The MVI value of over 2 
indicates considerable exchange into the methyl groups that did exchange. 
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The quantitative NMR data summarised in Table 2-8 can also be used 
to determine the relative amounts of methylcyclopentane exchanged on the 
open side, the hindered side and on both sides. The resonances in the 2D 
NMR spectra are generally composed of two or more distinct peaks. These 
can be integrated, and considering the isotopic shifts in Table 2-6, the peaks 
can be assigned as the least shifted, i.e. at highest 6, to molecules only 
exchanged on one side, and the highly shifted (lowest 6) peak to molecules 
exchanged on both sides, with a large contribution to the shift from an a D 
atom shift. 
For experiment Ptl, using the relative values for the less and more highly 
shifted resonances, Table 2-8, the fractions can be calculated as follows. For 
deuterium in position II, the fraction of molecules exchanged on both sides 
is 8.60.6 + 13.7) = 0.39. Similarly, for deuterium incorporated at position 
III, the fraction exchanged on both sides is 8.91(8.9 + 12.9) = 0.41. Hence, the 
average fraction of molecules exchanged on the open side and also exchanged 
on the hindered side is (0.39 + 0.4 1)/2 = 0.40. For deuterium on the hindered 
side, the fraction at position 1Valso exchanged on the open side is 11.0/(11.0 
+ 7.4) = 0.60, and similarly for position V is 7.20.2 + 5.0) = 0.59. This 
gives a mean fraction of (0.60 + 0.59)12 = 0.60 of molecules exchanged on the 
hindered side also exchanged on the open side. 
The ring positions TI—V can be used for this calculation since deuterium 
at each of these positions can have an a neighbour, contributing to the highly 
shifted peak. Data for deuterium at positions I and VI cannot be considered 
as only /3 ( and -y ) shifts affect position I, and anything relating to position 
VI refers to the methyl group and not to exchange in the ring. 
If f0 , fh  and fb represent the fractions of molecules exchanged on the open 
side only, the hindered side only and on both sides, then 
f0 + fh + fb = 1 
fb = 0.40 
f0  + fb 
fb = 0.60 
fh + fb 
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and from these equations, it can be determined that f 0 = 0.47, f, = 0.21 and 
fb = 0.32. Similar fractions can be determined for other experiments, and 
these are summarised in Table 2-10. 
Again, further information can be determined relating to methyl group 
exchange. Of the molecules exchanged on both sides, given by fraction f 
some will be exchanged in the methyl group and some will not. The values 
of MVI listed in Table 2-8 give an indication of the extent of exchange into 
the methyl group. 
Now, fbfbm is used to represent the fraction of molecules exchanged on 
both sides of the ring and in the methyl group, and fb ( 1 - fbm ) represents 
those molecules exchanged on both sides but not in the methyl group. 
The fractions fbfbm and fb(lfbm ) can be estimated using the mass spectral 
data in Table 2-4. The minimum values can be determined from the fraction 
of the D 10—D 12  deuteroproducts since these molecules must be exchanged on 
both sides and in the methyl group. Again for experiment Ptl, this gives 
fbfbm = (0.5 + 1.0 + 1.7)/(100 - 82.5) = 0.18, and fb( 1 - fôm ) = f - fbfbm = 
0.32 - 0.18 = 0.14. The estimate of the fraction fbfbm  is an under estimate 
since some molecules with less than ten deuterium atoms will be partially 
exchanged on both sides and in the methyl group. The values determined 
for all experiments are listed in Table 2-10. 
28 Discussion 
The figures in Table 2-10 indicate that in all experiments there is greater 
incorporation of deuterium into positions N and V than into positions II 
and III. The two experiments over the palladium catalyst, Pdl at 293K 
and Pd2 at 333K, show that the increase in temperature leads to a higher 
proportion of molecules exchanged on both sides. Table 2-9 shows that in all 
experiments, exchange into positions II and III is greater than the amount 
from a purely random exchange, and, conversely, a smaller amount than 
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that from random exchange is incorporated into positions V and VI. The 
relative amounts incorporated into positions I and IV is variable and will be 
discussed later. The pattern of exchange, from Table 2-9 shows generally 
that most deuterium is exchanged on the open side of the molecule (positions 
I-Ill) followed by the hindered side (positions IV and V) with the smallest 
amount being in the methyl group (position VI). The results for each metal 
are discussed individually below, and general conclusions are presented in 
Section 2.9. 
Table 2-10: Fractions of methylcyclopentanes exchanged in different ways. 
Description Pdl Pd2 Ptl Rhi 
Posn. II exch. both sides 0.22 0.66 0.39 0.21 
Posn. III exch. both sides 0.31 0.68 0.41 0.24 
Posn. IV exch. both sides 0.38 0.81 0.60 0.57 
Posn. V exch. both sides 0.44 0.76 0.59 0.58 
open side only, f0 0.53 0.28 0.47 0.66 
hindered side only, fh 0.28 0.16 0.21 0.14 
both sides, fb 0.19 0.56 0.32 0.20 
both sides without 
0.04 0.09 0.14 0.10 
mfh'u1 	f,(1-f.'i om, 
both sides with 	
0.15 0.47 0.18 0.10 
methyl, f&fôm 
2.8.1 Palladium 
The main feature of the mass spectral results from both palladium experi-
ments are the clear breaks in the product distributions after the D 4, D8 and 
D 12  methylcyclopentanes, similar to the distributions observed by Burwell, 
Figure 2-4 [761. Experiment Pd2 also shows a minor maximum at D 2 . As 
discussed earlier, the maximum at D 4 was assigned to arise from exchange 
of the hydrogen atoms on the hindered side of the ring via the a/3 process, 
following from initial adsorption on that side of the ring. Exchange does not 
propagate easily into the methyl group from this group of hydrogen atoms, 
as an cry intermediate would be involved. A study of the exchange of 2,2-
dimethyipropane with deuterium has shown that cry species are not readily 
formed on palladium [85]. 
Molecules which adsorb on the open side of the ring can exchange the 
ring hydrogen atoms easily via the aL9 process, and this can propagate the 
exchange into the methyl group to give the maximum observed at C 6H4D8 . 
The third maximum at the fully exchanged molecule indicates that some 
mechanism occurs readily, allowing the molecule to turnover on the catalyst 
surface to exchange all hydrogen atoms. This is reflected in the results in 
Table 2-10. Also, for both experiments over palladium, Table 2-10 shows 
that of the molecules exchanged on both sides, most are also exchanged in 
the methyl group, with only a small proportion not also exchanged in the 
methyl group. This is in marked contrast to the experiments over the other 
metals, indicating that propagation of exchange into the methyl group occurs 
most readily on palladium. 
The relative exchange into each position varied with the temperature 
of the experiment, as shown in Table 2-9. In experiment Pdl, at 293K, 
preferential exchange occurred on the open side of the ring, with similar 
extents of exchange on the hindered side and in the methyl group. However, 
at 333K, preferential exchange at position IV, on the hindered side, was 
observed, clearly shown by the large peak in Figure 2-11. 
2.8.2 Platinum 
Results for experiment Ptl show that the extent of incorporation of deu-
terium decreases in the order open side > hindered side > methyl group. 
The mass spectral product distribution, Figure 2-8, shows distinct breaks 
after C 6H7D 5 and C6H4 D8 and a maximum at C 5D 12 . The maximum at D 5 
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was not observed for the other metals, and results from the exchange of the 
five hydrogen atoms on the open side of the ring via the a8 process. 
The large D 1  peak in the mass spectral distribution indicates that there 
is considerable stepwise exchange over platinum, in addition to the multiple 
exchange that gives the more highly deuterated products. The molecules 
containing single deuterium atoms are exchanged at positions 11—VT, as 
shown by the shoulders in the NMR spectrum, Figure 2-12, and from com-
parison with an NMR spectrum recorded at higher field from the products of 
a similar reaction over PtJA1 203 [94]. The U-shaped distribution of isotopic 
products observed in Figure 2-8 is typical of reactions over platinum [62, 
95-97]. 
2.8.3 Rhodium 
The product distribution for experiment Rhi, Figure 2-9 shows similar 
amounts of the D 1 —D 8 products, with a large peak at D 2 , and decreasing 
amounts of D 9—D 12 . Table 2-9 shows that there is considerable open side ex-
change, the least hindered side exchange of all experiments, and the highest 
extent of exchange into the methyl group. For molecules initially exchanged 
in positions II and III, on the open side, less turnover of the molecule occurs 
than for the equivalent reaction over platinum. 
The NMR spectrum from the products of reaction Rhi, Figure 2.13 was 
less intense than the other NMR spectra, and consequently resonances were 
less well resolved, and some groupings could not be clearly identified. 
The break in the product distribution after D 8 again results from multiple 
exchange, via the c/3 process, of the open side and methyl hydrogen atoms. 
The decrease in the rate of reaction for experiment Rhi, as seen in the rate 
plots, suggests that self-poisoning of the reaction was occurring. This type of 
behaviour has been reported for hydrocarbons containing quaternary carbon 
atoms, at 423K, over RhISi0 2 [861. 
A possible explanation for the self-poisoning of the reaction over rhodium 
is that a strongly held species is formed on the surface which undergoes 
carbon—carbon bond rupture in preference to desorption. Rhodium has been 
observed to catalyse carbon—carbon bond rupture of cyclopentane at 340K 
[861 and is also known to cause hydrogenolysis [981. 
2.9 Conclusions 
The experiments discussed in this Chapter have confirmed previously estab-
lished mechanisms of methylcyclopentane exchange, and the use of 2D NMR 
spectroscopy has allowed quantification of the deuterium incorporated into 
the different locations in the methylcyclopentane molecules. The mass spec-
tral product distributions showed the characteristic patterns for exchange 
over each metal, these being the typical U-shaped distribution for platinum 
with maxima at D 1 , D 5 and D 12 products, extensive exchange over palladium, 
and relatively uniform exchange over rhodium with only limited exchange 
beyond D 9 . 
Methylcyclopentane has proved to be a suitable molecule for 2D NMR 
study in that a distinct resonance was observed for deuterium in each dif-
ferent environment within the methylcyclopentane molecules. Hence, each 
peak in the spectra could be assigned to deuterium atoms in particular loca-
tions, and information on their neighbouring deuterium atoms determined. 
For all metals, the results are consistent with the main mechanism of 
exchange being multiple exchange via the c3 mechanism, involving inter-
change between adsorbed alkyl and alkene species on the surface. These 
surface intermediates are illustrated in Figure 2-16. (a) shows adsorption 
of a methylcyclopentane molecule on the surface to form an arbitrarily cho-
sen alkyl species, and (b) shows interconversion between an alkyl species 
and an alkene species to produce an exchanged alkyl species. This allows 
propagation of exchange around each set of hydrogen atoms, giving up to 
(a) 0-- CH3 * 


























Q< CH 2D 
alkyl exchanged 
in methyl group 
Figure 2-16: illustration of proposed mechanisms of methylcyclopentane ex-
change. The species in (a), (b) and (c) are horizontal species 
and (d) is vertically adsorbed. 
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the D 4  product for molecules initially adsorbed on the hindered side of the 
ring, and up to D 8  products for those initially adsorbed on the open side. 
Exchange propagates from the open side into the methyl group via the a/3 
mechanism involving a 1,2-diadsorbed species or an exocyclic alkene species. 
This is illustrated in Figure 2-16 (c). 
For propagation of exchange beyond D 8, there must be a mechanism 
other than the c/J mechanism, allowing the adsorbed methylcyclopentane 
molecule to turnover on the surface. Figure 2-16 (d) illustrates this. This 
may involves a vertically adsorbed 'alkene' species, held on the surface be-
tween positions II and III, directly across the ring from the methyl group. 
The two experiments over palladium suggest that there is an increase in 
turnover of the molecule with temperature, leading to more highly ex-
changed molecules. Also, molecules initially adsorbed on the hindered side 
turned over more easily than those initially adsorbed on the open side. Most 
turnover was observed for palladium, and the least on rhodium, suggest-
ing that the vertical 'alkene' species is least tightly held on the palladium 
surface. The efficiency of multiple exchange is greatest for palladium and 
poorest for rhodium. 
Integration of the 2D NMR spectra allowed quantification of deuterium 
in each of the six positions in methylcyclopentane, and also determination 
of the relative amounts exchanged on either or both sides of the ring. The 
greater amounts exchanged on the open side than on the hindered side 
suggest that initial adsorption on the catalyst surface to form an alkyl species 
at positions I, II and III is easier than at positions 111  and V. This probably 
results from steric hindrance due to the methyl group, resulting in a less 
negative 
"heat of adsorption for alkyl species at positions IV and V. Consequently, 
the a/3 mechanism leads to greater exchange on the open side than on the 
hindered side. 
Exchange into the methyl group was less than into both sides of the 
ring. The methyl hydrogen atoms are in the same 'set' of hydrogen atoms 
as those on the open side of the ring. Propagation of exchange from these 
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ring positions into the methyl group is not as efficient as exchange via the 
o/3 mechanism between the five open side ring positions, but once started, 
tends to be efficient, again propagating via the a/3 mechanism with rotation 
about the ring/methyl C—C bond. As noted earlier, minor maxima at D 2 were 
observed in experiments Pd2 and Rhi, and probably result from pairwise 
exchange of hydrogen atoms with a D2 molecule from initial adsorption of 
methylcyclopentane as an a/3 diadsorbed or alkene species [99]. This type 




DRIFTS and Transmission IR 
study of adsorption of cyclic 
hydrocarbons on Pt/Si0 2 
3.1 Infrared Spectroscopy 
Infrared spectroscopy has been used to study adsorption on surfaces since the 
first transmission hR spectra of physisorbed molecules were recorded in the 
late 1940s [1011. In the 1950s, techniques were developed to facilitate study 
of molecules chemisorbed on supported metal catalysts. Such catalysts lend 
themselves to transmission infrared spectroscopy On account of their high 
surface area and hence good spectroscopic sensitivity. The first reported 
transmission infrared studies on catalyst surfaces were by Eischens and 
colleagues in the mid 1950s [102, 1031. 
Transmission Infrared Spectroscopy has remained one of the most widely 
used and successful forms of infrared spectroscopy for recording spectra of 
adsorbates on supported metal catalysts. Indeed, it is probably the sin-
gle most important technique of all in the study of surface species, and 
many review articles on transmission infrared spectroscopy have been pub-
lished [104-108]. Due to the advent of Fourier Transform instrumentation, 
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new techniques including Diffuse Reflectance Fourier Transform Infrared 
Spectroscopy (DRIFTS), Photoacoustic spectroscopy (PAS), Attenuated To-
tal Reflectance (ATR), Reflection Absorption Infrared Spectroscopy (RAIRS) 
and Infrared Emission Spectroscopy (IRES) have been developed, although 
the detected signal is smaller with these new techniques than with conven-
tional transmission infrared spectroscopy. Today, transmission infrared and 
DRIFTS are the most widely used forms of infrared spectroscopy in catalyst 
research. 
Infrared spectroscopy is predominantly applied to supported metal cata-
lysts, and only very recently (in the late 1980s) have technological develop-
ments in reflection infrared experiments been sufficient to allow satisfactory 
Reflection Absorption Infrared (RAIRS) spectra of hydrocarbons adsorbed on 
metal single crystals to be obtained, although earlier work was done on less 
well defined evaporated metal films. A complementary approach to adsorp-
tion on poorly defined supported metal catalysts is the use of single crystal 
metal surfaces, offering a greater insight into the structure and bonding 
of molecules on well defined surfaces. Both such studies have been under-
taken in this Thesis in order to investigate the adsorption of small cyclic 
hydrocarbon molecules on metal surfaces. In this Chapter, DRIFTS and 
Transmission infrared experiments are described, and RAIRS experiments 
are discussed in Chapter 4. 
3.2 The Physical Basis of Infrared Spectroscopy 
Infrared radiation is usually described as the electromagnetic radiation with 
frequency between 10000 and 20cm -1 . This range is generally sub-divided 
into the near infrared (>4000cm -1 ), the mid-infrared (4000 - 400cm 1 ) and 
the far-infrared (<400cm - '). Vibrational frequencies within molecules and 
of metal-adsorbate bonds coincide with the frequency of infrared radiation. 
These vibrations interact with the infrared beam and absorb certain fre- 
quencies of radiation giving rise to characteristic absorption bands in the 
infrared spectrum. Hence, provided the necessary selection rules are satis-
fied, infrared absorption bands can be observed. 
Infrared spectra can be recorded in situ for solids, liquids, gases and ad-
sorbed species. Bands in an infrared spectrum can be assigned from analysis 
of their frequencies, with a knowledge of characteristic 'group' frequencies 
of functional groups or by comparison with the vast 'library' of reference 
spectra which has been established. 
In the gas phase, an atom has three kinetic degrees of freedom. Corre-
spondingly, a non-linear gas phase molecule containing n atoms possesses 
3n degrees of freedom, of which 3 are translational, 3 are rotational and 3n-6 
are vibrational. For an n atom linear molecule, there are 3 translational, 2 
rotational and 3n-5 vibrational degrees of freedom. For each non-degenerate 
vibrational degree of freedom, there is a normal mode where all atoms vi-
brate at the same frequency and pass through their equilibrium positions 
together. Adsorption of an ii atom molecule on a surface creates an addi-
tional 3n degrees of freedom in the system as a whole. The strength of 
the coupling between the vibrations of the adsorbed species and the lattice 
modes of the substrate will depend on the relative frequencies of both these 
vibrations. An example of strong coupling between the adsorbate and sub-
strate vibrations is that of the surface hydroxyl groups on silica and the 
lattice Si-O vibrations. For an adsorbate containing light atoms on a metal 
surface containing heavy atoms, the metal-metal vibrations will be at much 
lower frequency than those of the adsorbate, and each will have little effect 
on the other i.e. coupling will be weak. 
When a molecule is loosely held to a metal surface i.e. physically ad-
sorbed, at least one translational degree of freedom of the free molecule 
must be converted to a metal-adsorbate vibration. The other translations 
and rotations may be retained. For a molecule more strongly held on a 
metal surface, i.e. chemisorbed, where it is not free to move, the transla-
tional and rotational degrees of freedom become 'frustrated' and may become 
vibrational modes resulting from the new chemical bonds to the metal sur-
face. These 'external' modes (which are related to the translations and 
rotations of the free molecule) can then mix with the 'internal' modes of the 
free molecule of the same symmetry which may alter the frequencies of the 
absorption bands. 
Depending on the symmetry properties of the adsorption site, fewer than 
the anticipated 3n bands may appear in the infrared spectrum. This is 
illustrated for the adsorption of one of the most common adsorbates, CO, 
adsorbed on 4-fold and 2-fold sites on a typical metal surface e.g. the (100) 
surface in Figure 3-1. The symmetry of any molecule can be described by 
the point group to which it belongs [109]. Each vibration can then be char-
acterised by a symmetry species from the appropriate point group character 
table. 
An example of the symmetry change on adsorption is the adsorption of 
CO in two different symmetry sites on a metal surface. For CO linearly 
adsorbed in an 'on-top' site of C 4,, symmetry, four bands would be expected, 
whereas for CO adsorbed in the two-fold 'bridging' site of C 2 , symmetry, 
six bands are anticipated. However, in practice, v 1 , the C 0 stretching 
vibration mixes with v2 , the frustrated translation in the z-direction and 
the frequencies of both are altered from those of the pure C 0 stretching 
vibration and the M-CO stretch. It is apparent from Figure 3-1 that two 
different sets of infrared bands would be expected for CO adsorbed linearly 
in an 'on-top' position and in a two-fold 'bridging' position. The degeneracy 
of the frustrated translations and rotations is lifted for CO in the bridging 
site. However, as with all spectroscopic techniques, there are selection rules 
which must be obeyed in order for bands to be observed. Only vibrations 
of suitable symmetry species are observable, and for JR spectroscopy used 
to observe an adsorbate on a metal surface, usually only totally symmetric 
modes are allowed. This is further discussed in the next Section. 
The lowering of the symmetry of the CO molecule upon adsorption is 
typical of any adsorption process [110]. An adsorbed species can only possess 
C 4v 
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Figure 3-1: illustration of adsorption of CO on a metal surface (left) lin-
early bonded with 4-fold rotational symmetry, and (right) bridge 
bonded with 2-fold rotational symmetry. 
rotation axes and mirror planes normal to the metal surface. In practice, 
the point groups allowed for surface species [111] are; 
CI  CS , C2 , C2, C3 , C3, C4 , C4,,, C6 and C6 ,, 
The effect of adsorption on a Pt( 111) surface on the infrared spectrum of CO 
is shown in Figure 3-2. Spectrum (a) shows the infrared spectrum for gas 
phase CO and (b) shows the reflection absorption infrared spectrum of CO 
adsorbed on a Pt(111) single crystal surface. 










1900 	2000 	2100 	2200 
Wavenumber / crn' 
Figure 3-2: lB spectra of (a) gas phase CO and (b) CO adsorbed on a Pt(111) 
surface, from [112]. 
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The gas phase spectrum shows many bands centered on 2143cm 1 in-
cluding rotational fine structure (closely spaced bands) which arises from 
transitions between the quantised rotational energy levels. At room tem-
perature, only the lowest vibrational energy level, ii = 0, is significantly 
populated for transitions> 1000cm -1 , and absorption of a quantum of in-
frared radiation leads to a transition to an excited vibrational level. Only 
transitions with Lizi = 1 are allowed and the dominant transition is from 
v = 0 to ii = 1. The rotational fine structure is lost on adsorption as de-
scribed above, and the RAIRS spectrum shows two bands corresponding to 
CO adsorbed in two sites of different symmetry , in 'on-top' and 'bridging' 
positions. The width of absorption bands is also increased due to inhomo-
geneous broadening and the decreased lifetime of the vibrationally excited 
state. The bands are shifted downwards (to lower i) from the position of the 
free molecule. On Pt(111) there are clearly two absorption bands separated 
by -.-'240cm 1 , due to the v1 vibrations of CO in different sites. The geometry 
of an adsorbate can often be deduced from observation of bands in the ER 
spectrum. 
Following studies of CO adsorption, the adsorption of various hydrocar-
bon molecules on metal surfaces has and continues to be widely studied. 
This has led to the characteristic 'group' frequencies mentioned briefly ear-
lier. Some typical hydrocarbon vibrations and their vibrational frequencies 
are shown in Tables 3-1 and 3-2. 
Hence, an infrared spectrum of an adsorbate can be readily interpreted 
with a knowledge of these group frequencies and with information deter-
mined from single crystal work and from comparison with organometallic 
compounds. Minor variations in the quoted frequencies arise as a result of 
local differences in the environment of the adsorption site. 
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Table 3-1: Some hydrocarbon vibrations and their typical group frequencies, 
from[ 106]. 
Vibration Description 	 Notation 	Frequency/cm -1  
- 	 - 
C—H Alkyne CH stretch 	ii (CH) 	 3300 
>= c 
	Alkene CH stretch 	ii (CH2 ) 	 3020 
'p 
-C-H 	Asymmetric CH3 stretch ii (CH3) asym. 	2960 
*4 
"c' Asymmetric CH2 stretch ii (CH2 ) asym. 	2925 
*4 
if 
-c -H 	Symmetric CH3 stretch ii (CH3) sym. 	2870 
'II 
'p 




—c— c— C-C stretch 	 ii (C-C) 	 900 
, 
a from  [1071 
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Table 3-2: Some hydrocarbon vibrations and their typical group frequencies 
contd., from[ 106). 
Vibration Description 	 -- - 	Notation 	Frequency/cm -1  
\ 
.0 C-s. C=C stretch 	 ii (C-C) 	1650 , 
H' 	
CH2 deformation 	 fi (CH2 ) 	1465 
3 
9H 
Cc HS Asymmetric CH3 deformation t5 (CH3) asym. 	1450 
B -p 
-C=,- E10 Symmetric CH3 deformation 5 (CH3) sym. 	1375 
,B 
, C C 	In-plane deformation 	 öi.p. 	 1410 
,HE) 
c= C 	Out of plane deformation 	6 O.P. 	 890 
' HO 
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3.3 Selection Rules 
The fundamental selection rule for a vibration to be infrared active is that it 
produces a dipole change. It is the interaction of an oscillating dipole with 
the electromagnetic radiation that leads to absorption. 
For molecules adsorbed on a metal surface, there is a further selection 
rule, known as the 'metal surface selection rule' (MSSR), which states that 
only modes which have vibrational dipole moments perpendicular to the 
metal surface will have measurable intensities [113, 1141. In practice, this 
generally means that only totally symmetric modes are infrared active. In 
the CO example discussed above, this means that only the u1 and v2 vi-
brations can be observed with JR. The underlying physical reason for the 
existence of the metal surface selection rule is because the metal modifies 
the way in which an adsorbed molecule interacts with the infrared radiation. 
A perfect metal has high electron mobility and good electrical conductivity 
in the infrared region. The tangential component of the electric field vector, 
E, must be continuous across the metal surface. Inside a perfect conductor, 
E must be zero. In reality, this means that the electric field is perpendicular 
to the surface of a perfect conductor. 
For an oscillating dipole on the metal surface, generated by the absorption 
of an infrared photon, an 'image' dipole is created below the metal surface, 
resulting from the response of the metal conduction electrons to the field 
established by the adsorbed dipole. This is illustrated schematically in 
Figure 3-3 for a dipole adsorbed either perpendicular or parallel to a fiat 
metal surface. 
Figure 3-3 shows that a vibrational dipole oscillating perpendicular to 
the metal surface is reinforced by its image, whereas a dipole oscillating 
parallel to the surface is effectively cancelled by its image. The long range 
electromagnetic field of the infrared radiation cannot distinguish between 
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Figure 3-3: illustration of the bending of electric field lines from a positive 
charge, and the image dipoles resulting from parallel and per-
pendicular dipoles on the surface, from [114]. 
fields. The actual result of this is that in the limit, vibrations perpendicular 
to the surface are enhanced by a factor of two and those parallel to the 
surface are cancelled. Maximum absorption occurs with the infrared beam 
polarised perpendicular to the surface at near grazing incidence [1131. 
The above illustration was for a flat metal surface, but the metal surface 
selection rule has been shown to apply to metal particles down to approx-
imately 2nm diameter [114, 115]. The point at which the metal surface 
selection rule no longer holds i.e. for small particles has been investigated. 
The bending of electric field lines by a metal particle (idealised as a sphere) 
is illustrated in Figure 3-4. A metal particle, or sphere bends the electric 
field lines such that they intersect the surface perpendicularly. Depending 
on the size of the particle, the bending of the electric field lines in the region 
of adsorbed particles is slightly different. E can be resolved into a radial 
component, E r , and a tangential (parallel) component, E. A large particle 
- 	 Metal 
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Figure 3-4: Illustration of the electric field around a small metal particle in 
a uniform electric field, from [115]. 
can bend the field lines enough for them to be perpendicular to the particle 
surface, and thus there is no tangential component of E. However, small 
particles, where the curvature of the surface is similar to the wavelength of 
the radiation, are not able to bend the electric field lines to be normal to the 
surface. In this case, the tangential component of E is significant, and Er is 
reduced. The relative ratio of E,. to E t determines the extent of the interac-
tion with a vibrating dipole. The metal surface selection rule holds as long 
as the adsorbate sees no tangential component of E, i.e. the particle is large 
enough to bend the electric field lines to be perpendicular to the surface over 
typical adsorbate distances from the surface. The field lines must remain 
perpendicular over the distance from the surface in which the adsorbate 
lies, typically within 0.2— 0.3nm of the surface for chemisorbed species. 
Hence, the MSSR works out to be only for particles above 2nm diameter. 
This ties in conveniently with infrared work on supported metal catalysts 
which typically have particle sizes above 2nm diameter. EuroPt-1 particles 
have a distribution in particle size from 0.9 -' 3.5nm with 75% < 2nm. The 
recognition, understanding and appreciation of the metal surface selection 
rule has been crucial in the understanding of infrared spectra of adsorbed 
species on metal surfaces. 
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3.4 The application of Transmission IR and 
DRIFTS 
Infrared radiation can interact with a high surface area catalyst sample 
and adsorbate in a number of ways. These include transmission, absorption 
and reflection. Reflection from the topmost surface of the sample, where the 
angle of incidence and the angle of reflection are equal is known as (specular) 
Fresnel reflection, or as specular reflection. Reflection can also occur from 
the surfaces of particles in the bulk of the sample. When this is from surfaces 
not parallel to the topmost layer, it is known as diffuse Fresnel reflection. 
Regular Fresnel reflection also occurs from the surfaces of particles in the 
bulk aligned parallel to the topmost layer. The amount of Fresnel reflection 
depends on properties of the catalyst - the refractive index and the index 
of absorption, and also the angle of incidence of the infrared beam. 
Some of the main forms of interaction of radiation with a catalyst are 
shown in Figure 3-5 (RAIRS is generally applied to single crystal model 
catalysts). In this Chapter, transmission and diffuse reflectance are used to 
study adsorption on a supported metal catalyst, and in Chapter 4, Reflection 
Absorption Infrared Spectroscopy is used to study adsorption on a Pt(111) 
single crystal. 
The observation of absorption bands using DRIFTS or transmission in-
frared spectroscopy does not imply that the species giving rise to these vi-
brations are the catalytically active species. Their catalytic activity must be 
substantiated by other means, such as parallel behaviour in the gas phase. 
The formation or decay of bands can be monitored with exposure to adsor-
bate, as a function of time or with increasing temperature. Isotopic exchange 
experiments can be used to probe the intermediates adsorbed on the catalyst 
surface. Infrared spectroscopy alone cannot prove that the observed species 
on the surface is / are catalytically active, but allied with information from a 
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Transmittance Diffuse Transmittance 
Reflection Absorption 
	 Diffuse Reflectance. 
Figure 3-5: illustration of the main forms of interaction of infrared radiation 
with a sample. 
parallel study of what is detected in the gas phase, provides strong evidence 
of catalytic activity. 
In the experimental set up used in this study, gas phase product molecules 
were monitored using mass spectrometry concomicantly with infrared obser-
vation of surface species. Thermal conductivity was used to monitor the gas 
flow before and after adsorption on the catalyst. 
The physical nature of the catalyst, whether a compressed disc or a 
loosely held powder, can influence the kinetics of any surface reaction. For 
example, adsorption will occur more rapidly on a powdered sample than on 
a compressed disc. In a transmission infrared study, reaction tends to be 
diffusion controlled, and transmission infrared spectra alone may not reveal 
the true surface controlled kinetics of any process. Another factor affecting 
the dynamics of gas adsorption and reaction is the thickness of the catalyst 
disc. Gas may be forced round the edges or penetrate through the catalyst 
disc where flow is controlled by convection. In DRIFTS, there is a greater 
area of gas/catalyst contact. 
3.5 The use of Transmission IR 
3.5.1 Quantification of Transmission IR spectra 
In a transmission infrared experiment, if 1 0 is defined as the intensity of the 
incident beam, and I the experimentally measured intensity of the transmit-
ted beam, as illustrated in Figure 3-6, then the transmittance of the sample 
at a given wavenumber, T(i) can be defined as 
- 	1(1;) T(v) 
= 10 P) 
(3.1) 
T(17) varies with 1'  resulting from absorption at particular wavelengths. 
For a sample of uniform optical properties and thickness, 1, the transmit- 
I 
'0 I 
Figure 3-6: Illustration of incident and transmitted infrared beams. 
tance at an absorption band can be related to the concentration of an ab-
sorber, c, by the Beer-Lambert law, 
T(V) = exp(—ci) 	 (3.2) 




 = —ln 
ci  
(3.3) 
The transmittance, T(1), is an exponential function of c, and for this 
reason, absorbance spectra are often used instead of transmittance spectra. 
Absorbance, A(7), and transmittance are related via 
A(i) = —ln[T(vl] 	 (3.4) 
= €cl 	 (3.5) 
Integrated absorbance, A, is often used in infrared study of catalysts since 
the absorbing group may be present in a variety of bonding environments 
[116]. Ais defined as 
- 	f"2 













For a transmission infrared spectrum of adsorbed species, the total ab-
sorbance of any band at any TV is the sum of absorbances due to the catalyst, 
A, and the adsorbate, Aa i.e. 
AA c +Aa 	 (3.9) 
The absorbance due to the adsorbate alone is thus given by 
Aa=AAc 	 (3.10) 








where I(i)  is the intensity of the transmitted beam for the catalyst in the 
absence of an adsorbate, and e is the integrated absorption coefficient for 
the adsorbate. For a constant path length, 1, the concentration is directly 
proportional to the absorbance if us constant. is constant i.e. independent 
of sample thickness, 1, for vibrations of the catalyst lattice and for functional 
groups at the surface. However, for species adsorbed on the catalyst, . may 
vary with changing surface coverage, due to lateral interaction between 
adsorbed molecules. 
3.5.2 Practical Application of Transmission IR 
As already described, transmission infrared spectroscopy remains the most 
widely used form of infrared spectroscopy, for several reasons. To record a 
transmission infrared spectrum of an adsorbate on a catalyst surface, a self-
supporting disc of catalysts must be prepared. This is generally done using a 
press and forming the disc under several tons of pressure. However, this is an 
experimentally tedious technique, and is not possible for all materials. The 
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sample under study must be infrared transparent in the region of interest. 
The thickness of disc used is generally a balance between sufficient quantity 
to achieve adequate sensitivity, yet not too thick such as to block out most 
of the infrared radiation. The disc used in this study was 0.5mm thick, 
resulting in a loss in intensity of the infrared beam of " 70% on passing 
through the disc. Supported metal catalysts are convenient for this purpose 
with a low metal loading and infrared transparent support such as silica or 
alumina. 
The disc is then placed in the path of the infrared beam at normal in-
cidence, allowing the beam to pass through and interact with the sample 
and adsorbate. It is imperative that the beam can pass through the disc, for 
detection and analysis. The best suited materials for transmission infrared 
studies are those with an average particle size, d, smaller than the wave-
length, A, of the infrared radiation in the region of interest. For samples 
where A > d, loss of intensity occurs due to scattering by the 'large' parti-
cles. Generally, bulk absorption is too strong to allow feasible study below 
1000cm-1 , and scattering losses at high wavenumbers restrict the useful 
range to 4000 - 1000cm for surface studies. 
The catalyst support material also affects the transmission characteris-
tics of the sample. For the most common support materials, 5i0 2 and A1203, 
the transmission infrared range is limited at 1300 and 1100cm respec-
tively. This is due to strong absorption by the oxide supports below these 
frequencies. 
In order to undertake catalytic studies on a pressed catalyst disc, the disc 
must be handled in an inert environment i.e. under vacuum or in an inert 
carrier gas. It is necessary to be able to reduce and outgas the catalyst as 
well as be able to pass gases over it. If realistic catalytic experiments are 
to be performed, the transmission infrared cell must be able to withstand 
reasonable gas pressures and high temperatures. Hence, a suitably designed 
transmission infrared cell is necessary. Another important feature is that 
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the infrared path length within the cell is minimised in order to reduce 
interference due to gas phase bands at higher gas pressures. 
The cell must be equipped with infrared transmitting windows, which can 
be selected in conjunction with maximum gas pressure to be withstood and 
the infrared detector being used for the spectral region of interest. Many 
designs have been invoked, and a review of these was published recently 
The cell used in this study was specially designed, incorporating all 
the desirable features described above, and has been described in detail 
The infrared path length through the cell is 21mm. The transmission 
cell is shown schematically in Figures 3-7 and 3-8. The cell is made from two 
77mm diameter stainless steel flanges, sealed together using a 38mm copper 
gasket. The cell windows were 38 x 6 mm NaCl disks (Buck Scientific), and 
were fitted via Viton '0' Ring seal onto machined grooves on the outside of the 
steel flanges. These were then held on via two brass retaining plates. The 
catalyst was pressed into a disc incorporating a tungsten mesh, as shown in 
Figure 3-8, and the mesh was connected to copper heating wires spotwelded 
via nickel strips. The tungsten mesh was used as a localised heating element 
for reduction and temperature programmed desorption. The catalyst disc 
was then mounted between two ceramic holders and fixed onto the cell 
flange as shown. Gas enters and leaves the cell via stainless steel tubing 
connected via brass bulkhead connectors. Gas is forced through the catalyst 
disc, rather than across it or around the edges. A thermocouple is sprung 
against the edge of the disc as shown. Connections for the thermocouple and 
heater are via bulkhead connectors (Swagelok) within ceramic tubes, used 
for insulation. 
The preparation of the catalyst sample for a transmission infrared study 
involves preparing a pressed disc of catalyst. Approximately 75 mg of cat-
alyst was pressed into a 25 x 30 x 0.2mm tungsten wire mesh under a 10 
ton pressure for 30 seconds. The pressed disc was then placed in the trans-
mission infrared cell which was connected to the associated electrical, water 
and gas handing facilities. Details of these are discussed in Section 3.8. 
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Figure 3-8: Side view of the transmission infrared cell construction. 
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3.6 The use of DRIFTS 
As described above, transmission infrared spectroscopy is not suitable for 
adsorption studies on catalysts where ). < d or for non infrared transparent 
samples. A suitable technique to use in such instances is Diffuse Reflectance 
Spectroscopy (DRS). In a diffuse reflectance experiment, the uncompressed, 
powdered catalyst is placed in a sample cup with no need to prepare a pressed 
disc as with transmission infrared spectroscopy. In diffuse reflectance spec-
troscopy a scattering sample is what is required. Hence, problems which 
may arise from the pressing of discs can be avoided. DRIFTS has been 
used recently to study coals [119], pharmaceuticals [104] and catalysis [1201 
amongst other things. There has been a review of various applications pub-
lished recently [104]. DRIFTS spectra, along with those from other new 
infrared techniques are more difficult to obtain than transmission infrared 
spectra, since the detected signal is weaker. However, with FTIR spec-
trometers, sufficiently good DRIFTS spectra can be obtained, and in some 
instances DRIFTS is the easier technique to use. Perhaps the best approach 
to any study is to investigate a system with both transmission infrared and 
with DRIFTS since each technique has certain advantages over the other. 
Then it can be determined which technique is most suitable for each partic-
ular system. 
It has only been possible since the mid-1970s to record DRIFTS spectra 
with acceptable signal to noise (SIN) ratio at an adequate resolution [1211. 
The advent of FTIR instrumentation made it possible to detect the diffusely 
reflected radiation from a sample in spite of its low intensity. The available 
signal to noise ratio has increased enormously since the first DRIFTS spectra 
were recorded in 1964 using a grating instrument [122]. It is possible to 
detect 10 - 10 of a monolayer of CO adsorbed on a supported metal 
catalyst [120, 1231.  The potential of DRIFTS is now being realised, and in 
1986, Griffiths wrote [1241 
'... it will ultimately become the single most important technique 
for studying the chemistry of processes taking place on the surface 
of powdered catalysts of high surface area.' 
3.6.1 Theory of DRIFTS 
Diffuse reflectance describes light reflected from a matt surface. For a pow-
dered sample, the infrared beam enters the bulk of the sample where it 
undergoes a variety of processes to varying degrees, including reflection, 
scattering, absorption, transmission, diffraction and refraction before re-
emerging at the sample surface, resulting in light distributed in all direc-
tions. The diffusely reflected infrared radiation is collected by spherical or 
ellipsoidal mirrors and focussed onto the detector and contains some quan-
titative information. Specular reflection, where the angle of incidence is 
equal to the angle of reflection also occurs at the catalyst surface. When the 
specularly reflected component of the radiation is small, DRIFTS spectra 
are similar in appearance to transmission spectra, but are quantitatively 
different. 
The Beer-Lambert law used in quantification of transmission infrared 
spectra cannot simply be applied to diffusely reflected radiation. A theory 
has been developed by Kubelka and Munk to describe and quantify the re-
lationship between the light absorbed and the concentration of the absorber 
[125, 1261. R is defined as the ratio of the diffuse reflectance from 
a sample to that of a non absorbing powder reference e.g. KBr at 'infinite 
depth'. This means that the sample must be placed in a cell such that an 
increase in its depth would cause no further change in the signal detected. 
In practice this means a depth of several mm [127]. A function of R, the 









This equation is known as the Kubelka-Munk remission function. It relates 
the experimentally determined diffuse reflectance of an 'infinitely thick' sam-
ple to the parameters k and s. 
The absorption coefficient, k, is related to the absorptivity, a, and concen-
tration, C, as 
k = 2.303ac 
	
(3.15) 
and if the scattering coefficient, s, is constant i.e. independent of wavelength, 
and the specularly reflected component of the incident infrared beam is small 
f(R) = 2.303acfr = k'c 	 (3.16) 
Hence, f(R) should vary linearly with concentration, allowing the 
Kubelka-Munk law to be used in quantification of diffuse reflectance spectra 
as the Beer-Lambert law is used in transmission infrared spectroscopy. A 
plot of f(R) vs. concentration should yield a straight line passing through 
the origin. However, when .A is greater than the mean particle size, d, the 
scattering coefficient, s, becomes wavelength dependent. 
The variation in absorption with concentration of adsorbate using trans-
mission and diffuse reflectance has been compared [104]. This can be done 
by studying how the absorptance, (1-T), where T = transmittance varies in a 
transmission spectrum in the limit of low concentration of an absorber. This 
can be done by expanding the Beer Lambert law, and comparing with similar 
treatment of the Kubelka-Munk equation. For a transmission spectrum, 
A = —log(T) = ad 	 (3.17) 
[.1.1 
where A is the absorbance, T is the transmittance and 1 is the path length 
through the sample. Hence, 
T = 10_ 1  = exp(-2.303ac1) 	 (3.18) 
Expansion of this equation gives 
(1 - T) = 2.303ac1 - 2.651a 2C212 +... 	 (3.19) 
In the limit of small c, the absorptance is given by 2.303ac1 and thus the 
signal is linearly proportional to the concentration of the absorber, c. 
However, for diffuse reflectance, in the limit of small c, 
1 	- R '2 
	(1—  
f(R) = / __+
Roo)2
* (3.20) 
2R c,3 	 2 assuming R -* 1 
and 
(4
605ac 4 . ) (3.21) 
and the signal is now proportional to -fc where c is the adsorbate concen-
tration. DRIFTS is unique in having this fc dependence, and consequently 
gives DRIFTS a sensitivity advantage over other techniques, at low sample 
concentration. Kubelka-Munk Theory was developed really for the sample 
diluted in a non absorbing matrix e.g. KBr, but the situation with a sup-
ported metal catalyst is somewhat different. In this study, the silica support 
is not wholly non absorbing, and hence is different from a non absorbing 
reference material. Below the cut-off the silica is wholly absorbing. The 
application of KM Theory to supported metal catalysts has not been wholly 
successful [1281. The main source of deviation from KM Theory is due to 
specular reflection, resulting in the linear relationship between signal and 
sample concentration not holding. Problems also arise with negative ab-
sorption features due to disappearance or displacement of adsorbed species. 
The practical implementation of the use of KBr as a reference material 
would mean either diluting the catalyst with KBr, leading to fewer adsorp-
tion sites and potential sensitivity problems, and potential chemistry involv-
ing the KBr and the catalyst. The other alternative would be to record a 
background spectrum of KBr and ratioing the experimental spectra against 
this. However, this would involve a change in the optical arrangement be-
tween recording the background and subsequent spectra. Hence, in this 
study absorbance plots have been used with experimental spectra ratioed 
against a background spectrum of the clean catalyst for all DRIFTS experi-
ments. 
3.6.2 Experimental application of DRIFTS 
Several different cells have been designed for recording diffuse reflectance 
spectra [104, 1241. The equipment used in the DRIFTS study described 
here was a commercially made Spectratech 'praying mantis' type diffuse re-
flectance accessory [129]. It is compatible with commercial FTIR spectrome-
ters, fitting into the sample compartment, and is fitted with the appropriate 
optics for collection of diffusely reflected infrared radiation. In practice be-
cause diffusely reflected radiation is scattered isotropically, only 10% of the 
diffusely reflected radiation can be collected even with the most efficient op-
tics. Spectra with acceptable signal to noise ratio have been recorded with 
less than 1% throughput of radiation [130]. 
The DRIFTS accessory has been fitted with a controlled environmental 
chamber and the appropriate gas handling facilities, water cooling, a ther-
mocouple and temperature programming facility. Detail of the position of 
the catalyst in the sample holder is shown in Figure 3-9. The catalyst sits in 
the sample cup on top of the sample post which contains a heating element. 
The cover fits over the sample post holding the catalyst and seats onto an 
'0' Ring which encircles the sample post. The cover is then screwed down 
securely to provide a controllable environment within. The temperature of 
the catalyst is measured using a chromel-alumel thermocouple which enters 
the cell through a side arm of the cover and reaches into the catalyst sample. 
The whole assembly can be raised and lowered via a sprung screw mecha-








Figure 3-9: Diagram of the location of the sample in the DRIFTS accessory. 
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holder with the cover over it is held within the DRIFTS accessory via a side 
arm so as not to block the infrared beam. 
For a DRIFTS experiment, approximately 40 mg of catalyst was ground 
finely in order to reduce specular reflection, and placed in the sample holder. 
It was levelled off without applying pressure using the edge of a spatula. 
The DRIFTS cell was connected to the associated gas, water and electrical 
connections. Details of this and pretreatment of the catalyst are described 
in Section 3.8. 
3.7 The use of Fourier Transform Spectroscopy 
Fourier Transform (FT) spectroscopy was first developed for use in NMR 
spectroscopy. However, first generation computers were unable to handle the 
integration required in FT until the Cooley-Tukey algorithm was introduced 
in 1965 [1311. This made it possible to perform Fourier transformation on 
smaller computers and spurred the development of modern FT-NMR and 
FTIR spectroscopies. 
In an FTIR spectrometer, the infrared beam is split into two components 
by a beam splitter at the centre of a Michelson Interferometer. One part 
of the beam is reflected via a fixed mirror, whilst the other part is reflected 
by a moving mirror. These then recombine at the beamsplitter to produce a 
beam which is then directed and focussed on to the detector. The detected 
signal is a variation of intensity with time, resulting from constructive and 
destructive interference as the moving mirror is moved. 
Displacement of the moving mirror modulates the beam. A conventional 
intensity vs. wavelength spectrum is obtained by Fourier Transformation of 
the interferogram. The spectrum produced in this way is known as a single 
beam spectrum. A conventional transmittance or absorbance spectrum can 
be obtained by ratioing the single beam spectrum recorded of the catalyst 
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and the adsorbate against a background single beam spectrum recorded 
prior to adsorption. 
The use of FTIR spectroscopy has several advantages over conventional 
dispersive spectroscopy [130, 132, 1331. Since all wavelengths are sampled 
simultaneously, this leads to much faster scan times. Typical scan times 
in FTIR spectroscopy are of the order of one second compared with many 
minutes in dispersive spectroscopy. This is known as Felgett's or Multiplex 
advantage. This is especially important in the identification of short lived 
surface intermediates. Coaddition of n scans results in an improvement in 
the signal to noise ratio of Another advantage, known as Jacquinot's 
or Throughput advantage results from the higher optical throughput of an 
interferometer than a grating monochromator, since there are no narrow 
slits involved. 
The infrared source in the spectrometer used in this study is a SiC Globar 
rod, and the 6328A1ine of a He-Ne laser is used for accurate interferometric 
determination of the position of the moving mirror in the interferometer, and 
hence accurate determination of vibrational frequencies. Figure 3-10 shows 
a schematic diagram of the Michelson interferometer used in the optical 
bench of the spectrometer. This shows the coaxial paths of the infrared 
beam and the laser beam, and the separate optical paths followed by the 
beams after passing thorough the KBr beamsplitter at the centre of the 
interferometer. The infrared beam is detected using a liquid nitrogen cooled 
narrow band Mercury Cadmium Telluride (MCT) photoconductive detector 
which has a detection range of 4000 - 850cm 1 . The displacement of the 
moving mirror is shown by 8. 
The infrared setup for both transmission infrared and DRIFTS studies 
is described below, and the experimental arrangement for gas handling and 
catalyst reduction is discussed in the next Section. The infrared spectrome-
ter used for these studies as well as for the RAIRS study described in Chapter 
4 was an evacuable version of the Digilab FTS-40 spectrometer [134]. It has 
a dedicated microcomputer for file handling, Fourier Transformation and 
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Figure 3-10: Schematic diagram of the interferometer used in the evacuable 
version of the Digilab FTS-40 spectrometer. 
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spectral display. The layout of the optical bench is shown in Figure 3-11. 
The optical bench is enclosed in an evacuable housing, and can be evacuated 
down to 10-2 mbar or better. This reduces or eliminates absorption bands 
in spectra due to atmospheric CO 2 and H2 0 and prevents problems due to 
miscancellation of these features when spectra are ratioed. The transmis-
sion cell or the DRIFTS cell can be located in the sample compartment and 
the optics aligned as appropriate. Alternatively, the infrared beam can be 
taken out of the optical bench through evacuable housing for RAIRS studies 
using the associated UHV chamber. This is discussed in Chapter 4. 
The optical arrangement for the transmission cell in the sample compart-
ment is shown in Figure 3-12. For DRIFTS, the beam passes through the 
sample compartment, reflected within the DRIFTS accessory as shown in 
Figure 3-13. The infrared beam is guided using a converging mirror onto 
the first plane mirror in the DRIFTS accessory. From there it is directed 
onto the next plane mirror as illustrated and then focussed onto the sample 
via the first ellipsoidal mirror. The ellipsoidal mirrors can be moved apart 
horizontally to allow visual inspection of the beam path (the coaxial laser 
beam),and to achieve optimum optical alignment. The second ellipsoidal 
mirror captures the diffusely reflected radiation, which is then guided by 
the two further plane mirrors onto a series of three mirrors which focus 
and direct the beam through 90 0 to the detector which sits on top of the 
spectrometer housing. 
Unless otherwise stated, all spectra presented in this Chapter were 
recorded at 4cm' resolution, and are a result of 50 co-added sequential 
scans. Typically, it took 0.5s to record a single scan and so 25 seconds 
to record a 50 scan spectrum. Series of sequential spectra were recorded 
during the course of an experiment, with file handling between successive 
spectra requiring 30 seconds. 
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Figure 3-13: Optical path through the DRIFTS Accessory. 
DR 
3.8 Experimental Setup - Mass Spectrometer / 
TCD Flow System 
The gas handling facilities used with both the transmission and DRIFTS 
cells are illustrated in Figure 3-14. Particular care was taken to ensure 
maximum purity of the gases and adsorbates used. Otherwise, impurities 
in the carrier gas were a problem in producing strong absorption bands 
in the infrared spectra masking weaker hydrocarbon features, as well as 
potentially interfering with any chemistry. Helium, the carrier gas, was 
passed through a trap containing copper turnings heated to 523K to remove 
any CO, and an 'oxy' trap was used to remove any oxygen present. A silica 
gel trap and two liquid nitrogen traps were also used to remove any water 
that was present. The hydrogen was passed through two liquid nitrogen 
cooled zeolite molecular sieve traps to remove water. 
After loading the sample cup for a DRIFTS experiment, or setting up 
the transmission JR cell, helium was allowed to flow over the catalyst for a 
short time. In both transmission and DRIFTS experiments, the catalyst was 
reduced at 573K under 100% flowing H 2 (100cm3/min.) for 1 hour, and then 
outgassed at 573K in 100% flowing He (12cm 3/min.) for 30 minutes. The cat-
alyst was then cooled to the desired reaction temperature under flowing He, 
and a background spectrum was recorded. The maximum temperature that 
could be used for the DRIFTS cell is limited by the heater rating to 573K, 
and although the transmission cell can be operated at higher temperature, 
the maximum temperature used was also 573K, to allow comparison to be 
made between the two techniques. Neither the DRIFTS or the transmis-
sion cell could be operated below room temperature as there was no cooling 
facility to either, and hence the minimum temperature that could be used 
was approximately ambient. Temperature programming was via a Farnell 
D 30/4 power supply where the current or voltage can be controlled (maxi-
mum output 4A/30V). All experiments were carried out with the apparatus 
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Figure 3-14: Gas handling arrangement for transmission and DRIFTS. 
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set up as a flow system. Following adsorption, the catalyst was heated at 
an approximately linear rate (--' 0.5K/s) in order to follow desorption using 
infrared spectroscopy to monitor surface species and mass spectroscopy to 
detect gas phase products. 
Gases used for adsorption were handled using the glass vacuum line 
which was diffusion pumped to 10 -6 mbar or better. The hydrocarbon gases 
were purified prior to adsorption using freeze-thaw cycles. Gases were ad-
sorbed on the catalyst via pulses of a measured pressure in an enclosed vol-
ume (sample loop) injected into the helium carrier gas stream. The uptake of 
gas by the catalyst was monitored by a thermal conductivity detector (TCD), 
analysing the gas before and after passing over the catalyst. A sample of 
the product gas stream was drawn off via the jet separator to be sampled by 
the mass spectrometer to allow identification of gas phase products. 
3.9 DRIFTS and Transmission Spectra 
An example of a typical interferogram is shown in Figure 3-15. A single 
beam spectrum computed from the recorded interferogram in the absence 
of either the DRIFTS or transmission cell i.e. straight through the spec-
trometer, is shown in Figure 3-16. The detected signal is composed of char-
acteristics of the JR source, the detector and associated optics and shows 
maximum response at 1300cm 1 . Examples of single beam spectra com-
puted from the appropriate interferograms recorded for transmission and 
DRIFTS operation are shown in Figure 3-17. The integrated intensity of 
the transmission single beam spectrum is considerably more than that of the 
DRIFTS single beam spectrum. The same single beam spectra are shown 
normalised in Figure 3-18. As already mentioned, the signal giving rise to 
each single beam spectrum is composed from several interaction processes of 
the infrared radiation with the sample. The DRIFTS single beam spectrum 
consists of diffusely reflected radiation and specular reflection from the cat- 
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Figure 3-15: Example of an interferogram. 
alyst surface. Specular reflection is observable below the 1350cm -1 cut-off. 
This carries no relevant information in a DRIFTS study. 
The transmission JR single beam spectrum is composed of transmitted 
and diffusely transmitted radiation, and radiation is also scattered by the 
catalyst although it is not generally detected. The poorer signal intensity at 
higher wavenumbers in transmission is due to scattering by catalyst parti-
cles which is most severe at high wavenumber. Above 2200cm 1 , DRIFTS 
has higher sensitivity than transmission for a scattering sample. 
The overall poorer detector response in DRIFTS is partly offset against 
that in transmission by the higher equivalent path length through the sam-
ple [118]. For EuroPt-1, the silica support material is essentially trans-
parent in this region (high 0, hence adsorbate vibrations observed using 
DRIFTS will be enhanced relative to those detected using transmission. 
Below 2200cm' the silica is strongly absorbing and the opposite situation 
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Figure 3-17: Single beam spectra recorded in (a) Transmission and (b) 
DRIFTS. 
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Figure 3-18: Normalised single beam spectra from (a) Transmission and (b) 
DRIFTS. 
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tinct peaks observed in the 1300 - 2200cm region are due to overtone and 
combination bands of the silica lattice vibrations. In Figure 3-17, spectrum 
(a) shows a typical transmission single beam spectrum and (b) shows a sin-
gle beam spectrum for DRIFTS operation. The low frequency cut-offs for 
EuroPt-1 are 1400cm -1 for DRIFTS and 1300cm-1 for transmission. 
As already mentioned, each single beam spectrum was ratioed against 
the relevant background spectrum to obtain a transmittance or absorbance 
spectrum. An example of each kind of spectrum in the C-H stretching re-
gion 3150 - 2750cm-1 , computed from the same DRIFTS single beam and 
background spectra, is shown in Figure 3-19 for cyclopentene adsorption 
on EuroPt-1, recorded using DRIFTS. These spectra have been baseline cor-
rected. The % transmittance values are negative due to baseline correction 
from a spectrum where the baseline was initially below 100% transmittance. 
All DRIFTS, transmission (and RAIRS) spectra presented in this Thesis are 
plotted in absorbance units as standard. The background spectrum used for 
the absorbance plots was recorded immediately prior to adsorption, with no 
changes made to the optical arrangement between recording the background 
and subsequent spectra. 
3.10 Previous Work 
Previous study of cyclopentene adsorption on single crystals has mainly been 
concerned with adsorption on P011). Most of this work has been done by 
Avery using Electron Energy Loss Spectroscopy (EELS) and Thermal Des-
orption Spectroscopy (TDS) [135, 1361, and by Campbell using TDS [137, 
138]. To date, no studies using infrared spectroscopy to investigate adsorp-
tion of these molecules on supported metal catalysts have been reported. 
Avery has also investigated cyclopentane adsorption on Pt(111) [139], but 
there are no reported vibrational studies of methylcyclopentane adsorption 
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Figure 3-19: (a) Transmittance and (b) absorbance DRIFTS spectra for cy-
clopentene adsorbed on EuroPt-1 (3150 - 2750cnr 1 ). 
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Figure 3-20: Model of cyclopentene chemistry on Pt(111), from [1371. 
adsorption on platinum single crystal surfaces [96], cyclopentane diffusion 
on Ru(001) [140], and of methylcyclopentane reaction on supported platinum 
catalysts [141, 1421. 
According to the results and interpretation of these studies, the chemistry 
of cyclopentene on Pt(111) can be summarised by the model illustrated in 
Figure 3-20, and described below. 
Cyclopentene has been observed using EELS to adsorb molecularly on 
Pt(111) at 90/100K in an i 2-(di-cr) configuration bonded through the alkene 
carbon atoms. Monolayer coverage is achieved at 0=0.24 [137]. On heating, 
cyclopentene partially desorbs molecularly (280-300K), and partially dehy-
drogenates to produce adsorbed hydrogen and a stable parallel bonded - 
cyclopentadienyl species (C 5H5 ) in the temperature range 250 - 300K. This 
is similar to inorganic metallocenes such as ferrocene, Fe(C 5H5 )2 . Further 
heating results in dehydrogenation of the cyclopentadienyl species, liberat-
ing gaseous hydrogen. From 402 - 575K, it is converted to adsorbed specie 
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/ species with a stoichiometry C 5H2 . Raising the temperature further still, 
from 500-800K results in further dissociation producing adsorbed hydrogen 
atoms which immediately desorb molecularly leaving graphitic carbon on 
the surface. 
The extent to which each of dehydrogenation and molecular desorption 
occur has been found to depend on the surface coverage of cyclopentene [137]. 
At low coverage, approximately 98% dehydrogenates during TDS whereas at 
near monolayer coverage around 60% dehydrogenates. Avery has proposed 
that molecular desorption of cyclopentene results from steric displacement 
by the larger 77 5-cyclopentadienyl species. 
The behaviour of cyclopentene upon adsorption can be contrasted with 
that of the linear alkene ethene. At low temperature, a similar di-0 , bonded 
ethene species is formed [143]. Between 250 - 300K, the di-o bonded ethene 
partially dehydrogenates to ethylidyne, C-CH 3 [143-145]. The adsorbed 
ethylidyne is stable on Pt(111) to around 500K, and above this temperature 
dehydrogenation leads to graphite formation on the surface. As described 
above, C-C bond rupture was not observed for cyclopentene, preventing 
formation of an alkylidyne species as observed with ethene. 
The only vibrational data for cyclopentene adsorption on platinum has 
been the EELS studies reported by Avery [135, 1361. EELS was used to 
spectroscopically identify the adsorbed cyclopentene and cyclopentadienyl 
species. The EELS spectra recorded after heating a cyclopentene saturated 
Pt(111) surface to 200K and 370K are reproduced in Figure 3-21. 
At 200K, peaks were observed due to adsorbed cyclopentene in the CH 
stretching region at 2970, 2890 and 2750cm 1 , as well as many bands in 
the CH deformation region. On heating the crystal to higher temperature, 
the much simplified spectrum showing a band in the CH stretching region 
at 3070cm 1 and a band at 840cm 1 , indicative of higher symmetry was 
observed. Exchange experiments with a D 2 molecular beam have confirmed 
that the bands above 3000cm 1 and at 840cm' were due to vibrations in-
volving hydrogen atoms, providing evidence that this spectrum was due to 
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Figure 3-21: EELS spectra from cyclopentene adsorbed on Pt(111), from 
[1351 (a) after heating a saturated surface to 200K and (b) of 
the cyclopentadienyl species after heating to 370K. 
the 75-05H5  species. The EELS spectrum is stable to 480K and then the 
,75-0 5H5  species undergoes further dehydrogenation with the average com-
position of the residual species (CH). 
A low frequency v (CH) peak observed at 2695cm -' at low coverage 
which shifts to 2750cm' at saturation coverage has been attributed to 
the CH stretching vibrations 'softened' by hydrogen bonding to the sur-
face [146]. Such softened modes have been observed spectroscopically for 
several adsorption systems. Softening has been seen in EELS spectra of 
ethene on Ni(111) [146], and cyclohexane on Pt(111) [1461, Ni(111) [146], 
Ni[5(111)x(110)1[11], and for C 5 and C6 hydrocarbons on Ru(001) [147]. 
The softened v CH mode of cyclohexane has been observed on a variety of 








[150], Cu(100) [35] and Cu(111) [35]. Such broad shifted soft bands have 
also been observed using RAIRS, although it is more difficult to record using 
RAIRS than with EELS as the low intensity and broadness of the feature 
can be difficult to discriminate from the background [151]. Softening has 
been observed using RAIRS for cyclohexane on Pt(111) [1511 and Pt(100) 
[152], and more weakly for cyclopentane, hexane and 2,2-dimethyipropane 
[151]. 
There have been two reported EELS studies of cyclopentane adsorption 
using vibrational spectroscopy on single crystal surfaces, on Pt(111) [139] 
and Ru(001) [153], and a RAIRS spectrum of cyclopentane on Pt(111) has 
been published [151]. The EELS spectra for cyclopentane on Pt(111) showed 
evidence of multilayer adsorption at 90K with a peak in the ii (CH) region at 
2960cm-1 . On heating to 180K a new peak was also observed, at 2690cm -1 , 
attributed to a soft C-H stretch resulting from weakening of the cyclopentane 
via hydrogen bonding to the Pt surface. The spectrum observed at that point 
is consistent with the cyclopentane molecule being hydrogen bonded to the 
surface with the ring being approximately parallel to the surface. Further 
heating led to two bands in the ii (CH) region at 2670 and 2970cm, giving 
an EELS spectrum characteristic of 77 2-di-o cyclopentene. Heating to 260K 
resulted in weak features observed at 2990 and 3060cm, as well as a strong 
band at 840cm and another band at 350cm, due to dehydrogenation to 
an 775-cyclopentadienyl species, as was observed for cyclopentene adsorption 
after heating on Pt(111). The RAIRS spectrum of cyclopentane on Pt(111) 
showed evidence of a soft band, although not as strong as that seen for 
cyclohexane on Pt(111) [151]. 
On Ru(001), cyclopentane was adsorbed as a monolayer at 170K, with 
bands observed in the CH stretching region at 2935cm -1 , and a soft 
band at 2610cm' as well as bands at lower wavenumber. Heating to 200K 
results in formation of adsorbed cyclopentene with CH stretching vibrations 
observed at 2855 and 3057cm 1 . 
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3.11 Results 
The results presented below are from experiments involving adsorption of 
three small cyclic hydrocarbon molecules (cyclopentene, cyclopentane and 
methylcyclopentane) on EuroPt-1. EuroPt-1 is a standard PtiSi0 2 catalyst 
prepared for the Council of Europe, which has been well characterised and 
studied by many groups using many techniques [154-1581. A detailed review 
of all recent work on EuroPt-1 has been published [159]. The main properties 
of EuroPt-1 are summarised in Appendix B. Experiments were also carried 
out using silica as the adsorbent, reduced and outgassed in exactly the same 
manner as the EuroPt-1 samples. The silica used was similar to that used 
in the preparation of EuroPt-1 (Sorbosil grade AQ U30 silica gel, Crosfield 
Chemicals). 
For each experiment, a series of sequential spectra was recorded during 
adsorption from a series of pulses of hydrocarbon injected into 100% flow-
ing helium. Unless otherwise stated, each pulse contained 0.14 pmoles of 
hydrocarbon from a 0.02 bar pressure of gas in the sample loop. As already 
described, the ingoing and outcoming pulses were followed using a thermal 
conductivity detector (TCD). The trace from the TCD was used to correlate 
the pulses with the infrared spectra recorded, and to derive quantitative in-
formation on the uptake of hydrocarbon by the catalyst. Gas phase products 
were monitored using a mass spectrometer to analyse a small amount of the 
exit gas stream drawn off through the jet separator. The mass spectrometer 
was set to scan the relevant mass range during the course of an experiment. 
The spectra recorded during an experiment were ratioed against a 250 
scan background spectrum recorded immediately prior to adsorption. All 
series of spectra and associated graphs referred to below are grouped to-
gether at the end of this Chapter for ease of reference. All spectra have been 
baseline corrected over the region plotted. This is particularly necessary 
for spectra recorded at high temperatures since the ratioed spectra curve 
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sharply in the region of interest and small absorption bands are otherwise 
difficult to observe. 
3.111 Cyclopentene 
DRIFTS Studies 
Figures 3-30 and 3-31 show a series of spectra recorded using DRIFTS 
during adsorption on EuroPt-1 from five sequential pulses of cyclopentene. 
The region shown is the CH stretching region ii (CH) (3150 -p 2750cm-1 ). 
Each spectrum was recorded over a 25s time interval, and the time interval 
between successive spectra is 30s. The ingoing and outcoming pulses are 
shown on the right of the spectra on the same timescale, although not to 
quantitative scale, to illustrate their temporal relationship to the recorded 
spectra. The narrow TCD peak, peaking to the left corresponds to the ingoing 
hydrocarbon pulse, and the broader TCD peak to the right is that detected 
after passing over the catalyst, and these are further discussed below. On 
adsorption of cyclopentene at 310K, JR bands are observed at 3059, 2955, 
2850 and 2801cm-1 . The average position of each band is quoted in all cases. 
Some variation in frequency of some of the peaks was observed, and this will 
be discussed later. All band frequencies are labelled on the spectra. 
The uptake of the cyclopentene by the catalyst was calculated using the 
integrated intensities of the ingoing and outcoming TCD peaks. For the five 
pulses, an uptake of 63%, 63%, 47%, 51% and 26% of the ingoing pulse was 
taken up by the catalyst, for pulses 1-5 respectively. This corresponds to a 
total uptake of cyclopentene by the catalyst of 0.35 ymoles or 8.8 pmol g' 
catalyst. 
No peaks were observed in the CH deformation region 6 (CH) (1550 -* 
1080cm) due to the poor sensitivity of DRIFTS for silica supported mate-
rials in this region [56], and hence all spectra presented here are of the CH 
stretching region. The intensity of each band is plotted in absorbance units 
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as a function of time in Figure 3-32. Time = zero was taken for this, and 
subsequent similar graphs to be when the hydrocarbon pulse reached the 
catalyst. Each symbol in the graph represents the intensity of the relevant 
band in the successive infrared spectra in the series. The first intensity 
points plotted in Figure 3-32 correspond to the third spectrum shown in the 
series in Figure 3-30. The two preceeding spectra shown in Figure 3-30 are 
included to show the relationship of the recorded spectra to the ingoing and 
outcoming TCD peaks. This graph shows a general increase in intensity of 
all bands during adsorption. The 2850cm-1 band was always the most in-
tense band, and its behaviour immediately following a pulse of cyclopentene 
was to show a considerable increase in intensity, followed by a slight loss in 
intensity, and showing smaller incremental increases following successive 
pulses, particularly the later pulses. This agrees with the TCD observa-
tion of decreasing uptake from the later pulses, particularly pulse 5. The 
2955cm- ' band shows a similar increase following each pulse, with a more 
marked decrease in intensity than for the 2850cm - ' band following this. It 
is not a symmetrical peak, perhaps having contributions from underlying 
shoulders or small peaks and may contain some contribution from the gas 
phase or a weakly held (physisorbed) surface species. The two bands at 3059 
and 2807cm -1  are weaker, and although reflecting the behaviour of the other 
bands, tend to saturation after 500s (3 pulses). 
The composition of the gas phase was monitored continuously across the 
mass/charge (m/z) =60 —70 region of the mass spectrum. For the DRIFTS 
study of cyclopentene adsorption on EuroPt- 1, the temporal relationship be-
tween the TCD trace, the mass spectral 67 peak intensity, JR spectra and 
time is shown for the first cyclopentene pulse in Figure 3-22. Cyclopentene 
has its major peak in the mass spectrum at (m/z) = 67. Figure 3-22 shows the 
ingoing (narrow) and outcoming (broad) pulses of cyclopentene in the TCD 
trace, and the delay (32s) in mass spectral observation of the pulse due to the 
relative physical positions of the TCD, DRIFTS cell and the mass spectrom-
eter. The delay in the mass spectral observation of the pulse is dependent 
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Figure 3-22: Illustration of the temporal relationship between the various 
techniques. 
on the flow rate of the carrier gas, and hence the flow rate was kept constant 
throughout this series of experiments. In mass spectral determination of the 
peak maxima, this' delay was taken into account. The ingoing pulse gives 
rise to a narrow TCD peak, whereas the outcoming pulse is much broader 
after passage through the catalyst with adsorption and diffusion leading to 
the broadening of the outcoming peak. The ingoing and outconiing TCD 
peaks peak in opposite directions as the gas flow is in opposite directions 
through the thermal conductivity detector where the difference in thermal 
conductivity relative to the carrier gas (helium) is measured. 
In the DRIFTS experiment, the m/z = 67 peak increased in intensity as 
illustrated in Figure 3-22 following each pulse. During the fourth and fifth 
pulses, as the m/z = 67 peak was diminishing after passing through maxi-
mum intensity, the m/z =70 peak increased slightly indicating the formation 
of cyclopentane, which has a fragment in its cracking pattern at mlz = 70 
(relative intensity 29%), although its major peak is at m/z = 42 (relative 
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intensity 100%). The temporal relationship between the m/z = 67 and 70 
peaks for the fifth pulse is shown in Figure 3-23, showing the m/z = 70 
peak increasing in intensity after the mlz = 67 peak has passed through a 
maximum and is decreasing in intensity. The m/z = 70 peak may arise from 
hydrogenation of cyclopentene to cyclopentane from residual hydrogen on 
the catalyst surface or within the mass spectrometer (the cyclopentene con-
tains 1% cyclopentane impurity). The normalised' integrated areas under 
the mlz =67 peak following each pulse during adsorption are 0.56, 0.75, 0.78, 
0.88 and 0.87 for peaks 1-5 respectively. This indicates increasing amounts 
of gas phase cyclopentene and thus decreasing uptake by the catalyst. 
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Figure 3-23: Illustration of mlz = 67 and 70 peak intensities following the 
fifth pulse of cyclopentene. 
A series of spectra was recorded during temperature programming of the 
catalyst to 573K, at a heating rate of '-'0.5K/s, following the adsorption of 
cyclopentene, and is shown in Figure 3-33. The average temperature of the 
'These integrated areas are normalised. Similarly for cyclopentene / EuroPt-1 
(transmission) and cyclopentene / silica (DRIFTS), all peaks are normalised to 1 for 
the peak following the third pulse in the cyclopentene / silica experiment 
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catalyst as a spectrum was recorded is marked at the side of each spectrum. 
The last two spectra of the series are also plotted separately in Figure 3-34 
where the bands can be seen more clearly. The intensity of bands observed 
during adsorption decreases as the catalyst temperature is increased, and at 
around 388K, the band at 2955cm -1 decays and a peak grows at 2969cm -1 
with two small peaks emerging at 2932 and 2909cm 1 . The 2969cm peak 
seems to have contributed to the asymmetry of the 2955cm band. The 
intensity of the bands observed during temperature programmed desorption 
is plotted as a function of temperature in Figure 3-35. 
This graph shows a steep decrease in intensity of the 2850cm band, 
and a corresponding decline in the 2955cm - ' peak intensity. The bands at 
3059 and 280 1cm -1 decay gradually and the new peaks observed at 2932 
and 2909cm emerge above 388K and after passing through maximum 
intensities at 498K, then decrease in intensity. 
During TPD, there was a small increase in the mlz = 70 peak with a 
maximum intensity at 358K. There was no mass spectral evidence of gas 
phase products at higher temperature. The TCD trace showed some evidence 
of desorption with very weak maxima observed at approximately 348 and 
548K. 
The species responsible for the new emerging peaks at 2932 and 2909crn 
were investigated in another experiment following cyclopentene adsorption 
by pulsing with hydrogen at both the adsorption temperature and also after 
heating to 483K. These peaks were not observed in TPD of cyclopentene 
from silica, confirming that they are due to species adsorbed on the metal. 
Two DRIFTS experiments are described below, investigating surface 
reaction of cyclopentene with hydrogen. Cyclopentene was adsorbed on 
EuroPt-1 as before, and then pulses of hydrogen were injected into the he-
lium gas flow to investigate its effect on surface species. Both experiments 
described here involved the adsorption from 0.05 bar cyclopentene pulses, 
thus containing 0.36 pmoles, and each infrared spectrum was collected us-
ing 100 sequential scans, doubling the acquisition time of the previous 50 
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scan spectra. This was necessary to achieve sufficient sensitivity with the 
infrared spectrometer due to poorer performance during these experiments. 
The spectra were recorded at the same resolution of 4cm' as before. 
In the first experiment, cyclopentene was pulsed onto the catalyst at 
310K as before. Similar bands were observed in the DRIFTS spectrum, at 
3057, 2954, 2851 and 2801cm-1 . Following adsorption from three successive 
cyclopentene pulses, 2 jmole pulses of hydrogen were injected into the he-
hum low, and pulsed onto the catalyst, which was held at 310K. The series 
of spectra recorded during admission of the hydrogen pulses is shown as a 
function of spectrum number in Figure 3-36, and the spectra are numbered 
for reference. The TCD trace beside the series of spectra shows the nar-
row ingoing hydrogen pulse, and the broader outcoming pulse. The ingoing 
hydrogen pulse shows deflection in the opposite direction to that observed 
for hydrocarbons, since the thermal conductivity is measured relative to 
helium. The corresponding plot of band intensities from this series of spec-
tra is shown in Figure 3-37. The effect of the first pulse of hydrogen was 
to shift both the 2851 and the 2954cm 1 bands to 2857 and 2963cm 1 re-
spectively. The 2963cm - ' peak showed a large increase in intensity in the 
infrared spectrum immediately following the first hydrogen pulse, whereas 
the 285 7cm- ' peak showed a concomicant decrease in intensity from the 
immediately preceeding spectrum. The 3057cm' peak dropped to zero in-
tensity immediately following the hydrogen pulse and the 280 1cm -1 peak 
gradually lost intensity throughout the following series of spectra. A further 
two pulses of hydrogen gave rise to small increases in the intensity of the 
2945cm peak immediately following a pulse, and then a gradual decrease 
in intensity. 
The mass spectrum was scanned to monitor the mlz =67 peak during cy-
clopentene adsorption, and showed similar behaviour to the initial cyclopen-
tene adsorption experiment described earlier. During hydrogen pulsing, the 
m/z = 67 peak was of constant background intensity, and the mlz = 70 peak 
was observed to grow in intensity following each pulse. The m/z = 42 peak 
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was then followed and passed through a maximum following the next two 
hydrogen pulses. The TCD trace during hydrogen pulsing showed peaks 
of decreasing intensities following each hydrogen pulse, indicating a maxi-
mum gas phase quantity following the first hydrogen pulse, and decreasing 
amounts following the next two hydrogen pulses. 
The other hydrogen pulsing experiment described here involved adsorp-
tion of cyclopentene on EuroPt- 1 at 310K from three 0.36 Ymole cyclopentene 
pulses, and then the catalyst was heated to 483K before pulsing with 2 pmole 
pulses of hydrogen. The series of DRIFTS spectra recorded during heating 
to 483K following adsorption is shown in Figure 3-38, with temperatures 
marked at the side of each spectrum. These spectra show similar behaviour 
to those in the previously described cyclopentene adsorption experiment. 
Bands were initially observed at 3057, 2955, 2851 and 2800cm -1 . Dur-
ing heating, the 2955cm -1  band decayed in intensity, shifting to 2967cm -1 . 
The two small peaks previously observed on heating adsorbed cyclopen-
tone emerged at 2930 and 2909cm -1  above 393K. When the first hydrogen 
pulse arrived at the catalyst, the 2930cm -1 band was observed to shift to 
2934cm-1 , and the 3057cm - ' band which had shifted to 3063cm - ' lost most 
of its intensity. DRIFTS spectra are shown as far as was possible to base-
line correct, due to to the steeply curving baseline and low concentration 
of surface species at higher temperatures. The TCD trace showed a more 
intense outcoming pulse following the first pulse of hydrogen than following 
the second. Following the two pulses of hydrogen at 483K, the catalyst was 
heated to 573K, but there was no TCD evidence of any gas phase species 
being produced. No useful information was obtained from the mass spectral 
trace, probably due to the low concentration of material at this stage. 
The adsorption of cyclopentene on silica was also studied using DRIFTS. 
Spectra recorded during adsorption are shown in Figure 3-39. Bands were 
observed at 2957 and 2867cm, with a shoulder at 2923cm -1 . There is a 
hint of a band at 3053cm following each pulse which rapidly vanishes. 
The intensities of the two main bands are shown as a function of time dur- 
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ing adsorption in Figure 3-40. As for cyclopentene on EuroPt- 1 described 
earlier, the plot of band intensities was started from the third spectrum 
shown in Figure 3-39 with each symbol representing the intensity of a peak 
in subsequent spectra. Generally, the intensity of the bands observed on 
silica are much weaker than the those observed on EuroPt-1, reflected by 
the lower absolute signal and consequently lower signal to noise ratio in the 
series of spectra in Figure 3-39. The two main bands show a large increase 
in intensity following each pulse, followed by a significant drop in inten-
sity (ranging from 25-40%). The integrated TCD peaks observed during 
adsorption of cyclopentene on silica showed an uptake of 38%, 39% and 51% 
following the three pulses corresponding to a total uptake of 0.6 pmoles, or 
15 pmol g' silica. The mass spectra showed an increase in both the m/z 
= 67 and 70 peak intensities following the pulses of cyclopentene. The nor-
malised integrated areas under the mlz = 67 peak were 0.72, 0.95 and 1.00 
following pulses 1-3 respectively. 
Spectra recorded during TPD at a heating rate of s0.6K/S are shown 
in Figure 3-41. The intensities of the two bands are shown as a function 
of temperature during TPD in Figure 3-42. Both the 2957 and 2867cm -1 
bands decay to zero intensity by 393K, with a maximum rate of decay at 
368K. The TCD trace showed a maximum at 353K. During the TPD, there 
was a small increase in the mlz = 67 and 70 peaks, with maxima at 348K. 
Transmission IR Studies 
Cyclopentene adsorption on EuroPt- 1 was also investigated using transmis-
sion IR, in order to compare results from similar experiments using DRIFTS 
and transmission infrared spectroscopy. No CH deformation bands were 
observed in the transmission experiments. A series of transmission JR spec-
tra recorded during adsorption from three 0.14 jimole cyclopentene pulses 
is shown in Figure 3-43, with the band intensities plotted as a function of 
time during adsorption in Figure 3-44. As before, the first set of intensity 
data was taken for the spectrum recorded immediately prior to the appear- 
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ance of absorption bands. Bands were observed at 3062, 2962, 2852 and 
2806cm-1 . During adsorption, the 2962cm - ' band was dominant through-
out and was always of greater intensity than the 2852cm -1 band, in contrast 
with the intensities of the corresponding bands observed in DRIFTS, where 
the 2850cm-1  band was always of greater intensity than the 2955cm -1 band. 
During the first pulse, the only really apparent band is the symmetrical 
2962cm' peak with hints of bands at lower wavenumber, and the others 
grow in intensity following subsequent pulses. These two bands (2962 and 
2852cm-1 ) observed using transmission JR show similar behaviour to the 
corresponding bands seen in DRIFTS, growing sharply in intensity immedi-
ately following a pulse, and then losing some intensity. The 3062 and 2806 
cm bands are weaker and grow steadily in intensity during adsorption. In 
general, the intensity of bands observed in the transmission experiment is 
lower than in the corresponding DRIFTS series, and this will be discussed 
later. The uptake of cyclopentene from each pulse determined using the ther-
mal conductivity detector was 84%, 80% and 64%, considerably greater than 
in the corresponding DRIFTS experiment, and again decreasing as higher 
coverage is reached. This corresponds to a total uptake of 0.32 pmoles of 
cyclopentene, or 4.3mol g' catalyst. 
The frequencies of the bands observed using transmission infrared spec-
troscopy are slightly different to those observed using DRIFTS. Band in-
tensities increase much more slowly than in DRIFTS, with bands generally 
less distinct in transmission. Noticeably, the signal to noise ratio in the 
transmission spectra is considerably higher than for the equivalent DRIFTS 
spectra. 
Mass spectral analysis of the gas phase during the transmission infrared 
experiment again showed an increase in the m/z =67 peak intensity following 
each pulse, although the mass spectral peak intensities were very much 
weaker than in the corresponding DRIFTS experiment, reflected by the 
normalised m/z = 67 peak integrals following pulses 1-3 of 0.15, 0.26 and 
0.50. This arises from the higher quantity of catalyst used to make the 
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transmission disc, although the amount of catalyst in the infrared beam 
path is similar for both the DRIFTS and transmission samples. 
The series of spectra recorded using transmission infrared spectroscopy 
during TPD of cyclopentene from EuroPt-1 is shown in Figure 3-45. The 
final spectrum is shown more clearly in Figure 3-46 for comparison with 
the equivalent DRIFTS spectra. The heating rate used in this experiment 
was -0.5K/s. Band intensities are shown as a function of temperature in 
Figure 3-47. The 2962cm - ' band drops steadily in intensity with increasing 
temperature. The 2852cm -1  band decreases in intensity, and the 3062cm - ' 
band remains quite steady in intensity until above 483K. The 2806cm - ' 
band decreases to very low intensity by 403K, and all bands have decayed 
to zero intensity by 513K. During TPD the decay of peaks is less marked 
than observed using DRIFTS. The 2932 and 2909cm -' bands observed using 
DRIFTS are not apparent as distinct peaks, although shoulders to the 3062 
and 2962cm' bands emerge at higher temperature in the series of trans-
mission spectra, at 3037, 2982 and 2931cm -1 . The decay in intensity of the 
2962cm- ' peak could not be accurately curvefitted. No change in the mass 
spectral peak intensities in the m/z = 65-75 region was observed. The TCD 
trace showed a desorption maximum at 373-383K, and a small amount of 
steady desorption with increasing temperature. 
3.1L2 Cyclopentane 
Spectra recorded using DRIFTS during adsorption of cyclopentane on EuroPt-1 
at 309K are shown in Figure 3-48, from 3050 - 2750cm -1 . A plot of band in-
tensities during adsorption is shown in Figure 3-49, starting with intensity 
measurements from the spectrum immediately prior to the appearance of 
absorption bands. Peaks were observed at 2949, 2859 and 2804cm. Dur-
ing adsorption, the broad 2949cm- ' peak intensity increases dramatically 
immediately following a pulse of cyclopentane, reflected in the large peaks, 
but then decay rapidly following the increase, illustrated clearly in Figure 
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3-49. The 2859cm' peak shows a large increase in intensity following the 
first pulse, and then a steady increase in intensity. Noticeably, the intensity 
of the 2859cm -1  band does not drop off following a pulse as was observed 
with cyclopentene, but in fact remains steady or increases. The decay of the 
2949cm-1  peak may contribute to the steady/increasing 2859cm - ' peak. The 
2804cm- ' peak is much always weaker and shows a steady increase in in-
tensity with time. The uptake from the three pulses could not be quantified 
accurately from the TCD trace in this experiment. 
Spectra recorded during subsequent TPD are shown in Figure 3-50. 
Band intensities during TPD are plotted as a function of temperature in 
Figure 3-51. The heating rate in this experiment was "0.5K/s. Desorption 
is straightforward and complete by 428K, with no JR evidence of any surface 
species remaining beyond this temperature. 
Adsorption of cyclopentane on silica was also studied using DRIFTS. 
Spectra recorded during adsorption are shown in Figure 3-52. The be-
haviour of band intensities during adsorption is shown in Figure 3-53. A 
broad envelope is apparent with main peaks at 2957 and 2870cm 1 and a 
shoulder at 2920cm 1 . Both the 2957 and 2870cm- ' bands show a similar 
behaviour, increasing considerably in intensity immediately following each 
pulse, and then dropping back in intensity. The intensity drops back to 
almost what the intensity was prior to the pulse for both the second and 
third pulses, indicating removal of gas phase or weakly held species in the 
flowing helium. The uptake determined from the TCD trace was 29%, 26% 
and 31% for the three pulses, corresponding to a total uptake of 0.12 moles 
or 3 jimol g 1 silica. 
The series of spectra recorded during TPD at -0.5K/s is shown in Figure 
3-54. Desorption of cyclopentane occurs by 373K, with a steady decrease 
in the intensity of both main peaks. The behaviour of peak heights with 
temperature during TPD is plotted in Figure 3-55. The TCD trace showed 
a maximum at 353K. 
122 
3.1L3 Methylcyclopentane 
The adsorption of methylcyclopentane on EuroPt- 1 was also investigated 
using DRIFTS. The spectra shown in Figure 3-56 (3050 -+ 2750cm -1 ) were 
recorded during adsorption at 309K. An envelope of peaks was observed, 
with maxima at 2946, 2907, 2855 and 2808cm -1 . The behaviour of peak 
intensities during adsorption is shown as a function of time in Figure 3-57. 
The 2808cm- ' peak intensity increased steadily but the 2855 and 2907cm -' 
peaks showed a slight rise after the first pulse and remained steady following 
subsequent pulses. Initially, the 2946cm -1 peak was the most intense but 
in the time between the first and second pulses it drops in intensity and the 
2855cm peak becomes the most intense. The 2946cm - ' peak shows similar 
behaviour following subsequent pulses indicating a substantial contribution 
from gas phase or a weakly held species which is swept away in the gas flow. 
The 2946cm-1 peak showed a dramatic intensity increase following each 
pulse and then a considerable loss in intensity. This behaviour is similar to 
that observed for cyclopentane on Europt-1 where the 2859cm peak did 
not show the large decreases in intensity observed for cyclopentene. The 
loss in intensity of the 2949cm peak may again contribute to maintaining 
the intensity of the 2907 and 2853cm - ' peaks. The uptake from the three 
pulses determined from the TCD trace is 47%, 21% and 8%, giving a total 
uptake from the three pulses of 0.11 ymoles or 2.81tmol g' catalyst. 
The series of spectra recorded using DRIFTS during TPD of methylcy-
clopentane from EuroPt-1 is shown in Figure 3-58. During TPD, at -0.7K/s, 
all peaks decay steadily in intensity to zero by about 453K. At363and 393K 
the 2907cm' peak shows two resolved maxima at 2904 and 2895cm, with 
the 2895cm 1 peak dominating the 393K spectrum. Peak intensities are 
plotted as a function of temperature in Figure 3-59. A maximum was ob-
served in the TCD trace at 343-348K. 
A corresponding study of the adsorption of methylcyclopentane on silica 
using DRIFTS reveals two main peaks at 2954 and 2869cm - ' and a shoulder 
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at 2912cm-1 , as shown in Figure 3-60. The intensities of these bands are 
plotted as a function of time during adsorption in Figure 3-61. Both show 
considerable increase in intensity following each pulse followed by a loss in 
intensity. The uptake from the three pulses determined from the TCD trace 
was 32%, 30% and 37%, corresponding to a total uptake of 0.14 tmoles, or 
3.51tmol g- ' silica. 
Spectra recorded during subsequent TPD are shown in Figure 3-62, and 
show no evidence of surface species remaining above 383K. Plots of the 
absorbance of each main band during TPD are shown in Figure 3-63. This 
shows a steady decrease in intensity of both bands to zero at 383K. The TCD 
trace shows a maximum in the gas phase at 353K. 
3.12 Discussion 
3.12.1 Cyclopentene 
The spectra recorded for cyclopentene adsorbed on EuroPt-1 show several in-
tense peaks in the CH stretching region, at 3059, 2955, 2850 and 280 1cm -1 . 
Of the three molecules studied, cyclopentene showed the strongest absorp-
tion bands. The band frequencies observed for cyclopentene adsorbed on 
EuroPt-1 and silica recorded using DRIFTS, and on EuroPt-1 recorded using 
transmission infrared spectroscopy are listed with their relative intensities 
in Table 3-3, along with the proposed assignment of the bands. 
The assignment of the bands was made on the basis of the appropriate 
literature JR and Raman spectra, and spectra from other surface studies 
which are listed in Tables 3-4 and 3-5, together with the relevant sym-
metry species for gas phase cyclopentene under C 2 , symmetry. The bands 
observed in the DRIFTS spectra will consist of several contributions. These 
may include gas phase cyclopentene vibrations, as listed in Table 3-4, and 
weakly held (physisorbed) cyclopentene on both the metal and the support, 
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Table 3-3: Position of IR bands observed for cyclopentene. 
Proposed F, /cm-1  
Assignment DRIFTS DRIFTS Transmission 
EuroPt- 1 silica EuroPt- 1 
• (CH) sym 	A1 3059(w)a 3062(w) 
• (CH)asym 	B 2 2955(m) 2957(s) 2962(s) 
2923(sh) 
• (CH 2 ) sym 	A1 2850(s) 2867(m) 2852(m) 
25 (CH2 ) 2801(w) 2806(w) 
a  (s), (m), (w) indicate the relative strengths of the bands 
b  In this and later Tables (s) = strong, (m) = medium, 
(w) = weak (sh) = shoulder 
as well as more strongly held (chemisorbed) species. Linewidth and inten-
sity changes, whether enhancement or attenuation due to the MSSR may 
help to distinguish these different forms of cyclopentene. More strongly 
held (chemisorbed) species will be retained on the surface in the flow system 
while weakly held species may be swept away. The strength of adsorption of 
the various species on both the metal and on silica can be estimated using 
TPD. Bands due to cyclopentene on the metal and on the silica can be dis-
tinguished from intensity changes in the presence of the metal, and from a 
comparison of spectra from EuroPt-1 and silica. 
Intuitively, bonding of cyclopentene as a flat planar molecule on the metal 
surface would be anticipated, and this is corroborated by Avery's EELS 
results. The gas phase spectrum discussed earlier [160] was interpreted 
in terms of C2 symmetry, although cyclopentene has been shown to be non 
planar, with C 3  symmetry. However, slight bending away from planar results 
in a small perturbation of the C 2 selection rules. Hence there are 33 normal 
vibrations for cyclopentene. Under C 2 symmetry, the six A2 vibrations 
are not infrared active, leaving 27 infrared active vibrational modes. The 
complete range of vibrations is discussed in more detail in the next Chapter 
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Table 3-4: Previous assignments of selected cyclopentene bands, with corre- 
sponding symmetry species from [160]. 
Mode i'/cm 
IR Raman 
liquid [161] gas [160] solid [160] [162] 
CH sym. str. A1 3066(s)a 3078(s) 3057 3070 
CH antisym. str. B 1 3068(s) 3050 3062 
a-CH 2 antisym. str. (i.p.) B 2 2958(vs)a  2963(s) 2955 2955 
@-CH 2 antisym. str. B 2  2927(vs)al  2933(s) 2925 2933 
/3-CH 2 sym. str. A1 2902c 2903(s) 2900 2914 
ci-CH 2 sym. str. (o.p.) B 1 2873(s) 2865 2857 
c-CH 2 sym. str. (i.p) A1 2852(vs)° 2860(s) 2849 2857 
ii (C=C) A1 1619 1623(m) 1610 1617 
/3-CH 2 def. A1 1465 1471(vw) 1463 1473 
o-CH2 def. (i.p.) A1 1445(m) 1443 1448 
&-CH 2 def. (o.p.) B 1 1445 1438(vw) 1437 1445 
a from [1631 
assigned as B 1 
assigned as B 2 
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Table 3-5: Position and assignment of selected bands due to cyclopentene 
from previous surface studies. 
Assignment 17 1cm-1 
EELS on Pt(111) 
90K [1361 <250K[1361 
multilayer 
• (CH) 3080(w) 
• (CH2 ) 2975(m) 2970(m) 
• (CH2 ) 2890(m) 
• (CH) soft 2695-2750(w) 
5 (CH2 ) 1470(m) 1460(m/w) 
where a greater spectral range was accessible using RAIRS, rather than only 
vibrations in the CH stretching region seen with supported metal catalysts. 
From the point of view of experiments described in this Chapter, the 
relevant literature vibrations were listed in Tables 3-4 and 3-5. For cy-
clopentene adsorbed as a planar molecule, a number of CH vibrations are 
anticipated. The CH bonds at the two alkene carbon atoms will be parallel 
to the metal surface and the band intensities may be affected in the pres-
ence of the metal. These vibrations would be anticipated above 3000cm -1 . 
Indeed the bands observed at 3059cm -1 in DRIFTS and at 3062cm 1 in 
transmission are assigned as to . a u CH vibration and support the fact that 
the molecule retains substantial alkene character, and the alkene carbon 
atoms are not rehybridised from sp2 to  sp3. The intensity of this band is 
weak in both studies, and may be reduced from the quoted strong gas phase 
intensity. This band is seen only briefly on silica as the pulse passes through 
the sample, and it is brought up in intensity on EuroPt-1 in the presence of 
the metal, suggesting that it is due to a symmetric vibration. 
The observation of A, and B 2 vibrations in the DRIFTS spectra of ad-
sorbed cyclopentene suggest that the symmetry of the adsorbed cyclopentene 
is C. On going from C 2 , to Cs symmetry, the B 2 mode becomes A' and lB al- 
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lowed. The 2955 and 2850cm 1  bands observed on EuroPt-1 in DRIFTS are 
assigned to CH2  stretching vibrations. Both the symmetric and asymmetric 
ii (CH) vibrations will give rise to an oscillating dipole perpendicular to the 
metal surface and so if the MSSR holds, the symmetric vibration should be 
enhanced and the asymmetric vibration attenuated. The enhancement of 
the 2850cm -1 band relative to the 2955cm -1 band on EuroPt-1 is in contrast 
to the relative intensities observed on silica for the corresponding bands, 
where the 2957cm -1  band is more intense than the 2867cm' band. On 
EuroPt-1, the 2850cm' band is narrower than the other bands. The peaks 
observed are generally quite broad, of the order of tens of wavenuinbers 
at half height, resulting from sample inhomogeneity and also the inherent 
spectral linewidth. The shoulder to the 2957cm - ' band observed on silica 
probably contributes to the asymmetry of the 2955cm - ' band on EuroPt-1. 
The shift of the 2867cm- ' band on silica to 2850cm-1 on EuroPt-1 suggests a 
strong interaction between the cyclopentene and platinum giving rise to this 
shift, reflected by the estimated heat of desorption/decay discussed later. The 
contrasting relative intensities of the corresponding bands observed using 
transmission infrared spectroscopy suggest that the spectrum is dominated 
by a band little affected by the presence of the metal. However if this was gas 
phase cyclopentene, it would be swept out of the system in the continuous 
flow of helium, and the persistence of the band negates this possibility. 
In the gas phase spectrum of cyclopentene reported [160], five CH 2 
stretching vibrations were observed. These are the o-CH 2 antisymmetric 
stretch 2  (in plane) at 2963cm', /3-CH 2 antisymmetric stretch at 2933cm -1 , 
@-CH2 symmetric stretch at2903cm 1 , c-CH2 symmetric stretch at2873cm' 
and a-CH 2  symmetric stretch (in plane) at 2860cm 1 . The a-CH2 antisym-
metric stretch (out of plane) is of A 2 symmetry and is infrared forbidden. 
The strong 2850cm' band can be assigned as the a-CH 2 symmetric stretch 
C atoms adjacent to 
2Here c refers to thelkene C atoms, and 0 refers to the C atom opposite the 
C=C bond 
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(in plane), of cyclopentene on the metal shifted to lower wavenumber in the 
presence of the platinum metal on which it is adsorbed. There is a hint of a 
peak just above this that may be attenuated. The 2923cm - ' shoulder seen 
on silica may be an antisymmetric band attenuated in the presence of the 
metal, and is probably encompassed under the 2955cm -1 peak on EuroPt-1. 
The 2801cm-1  peak has been assigned as an overtone of a CH deforma-
tion. The 2801 and 3059cm' bands are observed only on EuroPt-1 and 
are thus due to adsorption on the metal rather than on silica. The results 
observed from cyclopentene adsorption indicate that the MSSR is holding 
for EuroPt- 1, although it may not hold completely since a high proportion of 
the particles are < 2nm diameter, and so the asymmetric band may not be 
completely attenuated. 
The decay of the 2850 and 2955cm -1 bands after each pulse has passed 
over the catalyst suggests that there is initially a substantial contribution to 
them from gas phase or weakly adsorbed material, perhaps on the support, 
particularly for the 2955cm - ' peak which shows the greatest fluctuation 
in intensity. Some intensity is then lost as this species is swept away in 
the gas flow. The two other bands, at 3059 and 2807cm - ' show a much 
steadier increase in intensity, where they are less influenced by gas phase 
interference or overlap with weakly adsorbed species. 
The frequencies of some of the cyclopentene bands varied slightly during 
the recording of each series of spectra. In the DRIFT cyclopentene / Europt-
1 series, the 2955, 2850 and 2801cm bands were of constant frequency 
(within ± 2cm' of that quoted). The 3059cm 1 band frequency varied be-
tween 3055 and 3061cm, although not showing any general trend. During 
adsorption, the relative intensities of the 3059, 2955, 2850 and 2801cm 
bands in the DRIFTS spectra of cyclopentene shifted from 1: 2.3: 3.5: 1 at 
the beginning to 1: 2.6: 3.9: 1.1 after the five pulses. 
During TPD from EuroPt-1, there were some noticeable changes in the 
spectra and shifts in band frequencies. The 3059cm peak frequency ranged 
from 3057cm to 3061cm, increasing throughout the TPD. This may be 
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indicative of the presence of the cyclopentadienyl species (C 5H5 ) formed from 
dehydrogenation, although no supporting vibrations in the CH deformation 
region can be observed due to the blackout in that region by silica. This is 
discussed further below. 
The decrease in strength of the 2850cm band was used to estimate the 
activation energy to desorption of cyclopentene from EuroPt-1. As already 
described, this band is due to cyclopentene adsorbed on the metal rather 
than on the support. A best fit curve was drawn through the intensity data 
points, and the equation of this curve was then differentiated to obtain the 
turning point, from where the rate of decay of the band, d I/dT, was a 
minimum, where I is the band intensity and T is the temperature of the 
spectrum from which I was measured. 
By analogy with Redhead's method of determining the activation energy 
to desorption from the temperature of the maximum rate of desorption dur-
ing programmed heating [1641, the decrease in intensity of an infrared band 
can be used to estimate the activation energy to desorption. Assuming that 
the concentration of a surface species, n, is directly proportional to the band 




a - I vexp " 1 	 (3.22) 
dt 
where Ed is the activation energy 
R is the gas constant 
ii is a frequency factor, assumed as 1013S-1 
fi is the heating rate (K/s) 
Tma is the temperature where d 2JJdT2 = 0 a is the order of reaction, and 
/3 = dT/dt, so dI/dt =fl's,  then 
1dIIav 
exp(--L&)RT - 	 (3.23) 
and 
dl 	I0 zi 	
-
Ed  
—exp" 1 	 (3.24) 
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and differentiation of the above equation gives 
d21 	 (_)1 	1Ia-d 	(—)1
2 
- 	= RT 
 j + [RT2' 
RT 	(3.25) 
where d2 1/dT 2 = 0 at Tmar. Hence 
	
ala_i (dl) 	JaEd 	 (3.26) - 	
Tma x RT ax 
( 
 Ed 
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- RT 2 max 
and if first order desorption is assumed i.e. a = 1, 
. 	
V(— Ed
) - Ed 	 (3.28) 13exp 	- QP2 
max 
i.e. 
( dI ) (3.29)  n Tmax 	LYr2 max 
The plot of dTJdT is shown in Figure 3-24 and shows d 2JJdT2 = 0 at 403 
± 5 K. This gives an estimate (from the decay of the 2850cm band) of the 
activation energy to desorption of 119 + 2 kJmol'. However, maxima were 
observed in the TCD trace at 348K and at 548K, and in the mass spectrom-
eter trace at about 358K. This suggests that cyclopentene is desorbing from 
the silica support into the gas phase at 348-358K, and that the maximum 
rate of decay of the 2850cm -' infrared band at 403K corresponds to a loss in 
intensity of the species adsorbed on the metal to other surface species, proba-
bly to the two small peaks at 2932 and 2909cm' which come up in intensity 
at this point, rather than to form gas phase products. In this instance, 
rather than an activation energy to desorption, this calculation provides an 
estimate of the activation energy needed for the decay of one surface species 
to form a new surface species. The peak maximum observed in the TCD 
trace at 548K corresponds with the decline of these two bands after passing 
through maximum intensities around 498K, indicating desorption occurs at 
high temperature. The activation energy of 119 ± 2 kJmol indicates that 

















Figure 3-24: Plots of I vs. T and dJJdT. 
As was shown earlier, Avery observed the formation of the cydopentadi-
enyl species, C 5H5 or Cp, upon heating adsorbed cyclopentene on Pt(111), 
using EELS. The observed frequencies, correlated with those for two inor-
ganic complexes, K'Cp, and ferrocene, FeCp 2, are listed in Table 3-6, with 
the symmetry species under Dbd symmetry. Ferrocene can exist in two differ-
ent forms, staggered and eclipsed with Dsd and Dsh symmetry respectively. 
The 3059cm 1 band observed using DRIFTS persists beyond the mnximum 
temperature at which spectra were recorded, 568K, and is perhaps indicative 
of the symmetrical cyclopentadienyl species since no other bands are appar- 
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Table 3-6: Frequencies and assignments of selected bands from the cy -
clopentadienyl species, C 5H5 , (Cp) correlated with bands from 
KCp and FeCp 2 . 
Mode F/ /cm-' 
EELS JR 
370K{136] KCp [165] FeCp 2 [166] 
• (CH) A2 3060 3096 a 3085(s) 
• (CH) A1 2990' 3039 3075(s) 
Vasym (CC) E 1 1455 1411(s) 
Vsym. (CC) A2 1108(s) 
6 (CH) E2 1033 1002(s) 
ir (CH) A2 840 710 811(s) 
a  Raman active mode 
1)  This band was originally reported at 3010cm-1 
and adjusted after further study 
ent at this point. Indeed in the spectra recorded at 528 and 568K, there is 
evidence of a weak band at 3010cm agreeing with Avery's observation of 
CH stretching vibrations due to cyclopentadienyl at 3060 and 2990cm-1 3, 
All other bands have decayed to zero intensity at this temperature. 
On the basis of the observed rate of decay of the 2851cm -1 band with 
increasing temperature, the expected rate of decay of the 3059cm -1 band 
was calculated. A proportionate decrease in the 3059cm -1 band intensity 
was evaluated to give a set of 'calculated' band intensities. This is plotted 
with the observed (real) band intensities as a function of temperature in 
Figure 3-25. The higher than calculated intensity of the 3059cm 1 band 
indicates the persistence of a species or presence of the vibration due to 
some other species with similar T, at high temperature and supports the fact 
that it may indeed be due to the presence of the cyclopentadienyl species. 
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Figure 3-25: Real and calculated decrease in band intensities during TPD 
of cyclopentene from EuroPt-1. 
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Cyclopentene on silica showed two bands, one at 2957cm -1 , which was 
steady during adsorption but shifted to 2964cm' during TPD, and the other 
at 2867cm-1 . The 2867cm- ' peak was not really one distinct maximum, 
probably due to superimposed noise, and the frequency of the maximum 
varied between 2858 and 2872cm -1 . TPD showed simple desorption from 
the silica. During TPD, the position of this band maximum shifted from 
2870cm-1 to 2875cm-1 . The high noise level and indistinct maximum are 
obvious in Figure 3-39. As was done for the 2850cm - ' band on EuroPt-
1, the decay of the 2957cm' peak was curvefitted and a maximum rate 
of desorption at 368 ± 5 K gives an estimate of the activation energy to 
desorption from silica of 108 ± 2 kJmol' 
The two experiments involving hydrogen pulsing were undertaken to in-
vestigate the behaviour observed in the simple TPD experiment described 
earlier where cyclopentene adsorbed on EuroPt-1 was heated. The 2955cm -' 
peak shifted from its initial position at 2955cm' up to 2978cm -1 at high 
temperature. In that experiment, there was a large shift in the P of that 
band, from 2955 to 2968cm between the spectra recorded at 408 and 433K. 
Two new peaks emerged out of the initial 2955cm' peak, at 408K, increas-
ing in intensity and subsequently decreasing at higher temperature. The 
position of these new peaks was 2932cm' and 2909cm' (initially 2905 and 
finally 2909cm 1 ). The 2850cm peak shifted slightly above 498K with 
the peak maximum at 2843cm' at 568K. The 280 lcm' peak lost intensity 
steadily before the other peaks did, without shifting in frequency. 
The DRIFTS spectra recorded during the hydrogenation experiments de-
scribed in Section 3.11.1 show the behaviour of the adsorbed species at 310K 
and at 483K. Following cyclopentene adsorption at 310K, bands were ob-
served at 3057, 2954, 2851 and 2801cm. As the first pulse of hydrogen 
passes through the catalyst, the next DRIFTS spectrum shows a dramatic 
increase in intensity of what was the 2954cm peak, with two maxima, at 
2963 and 2945cm-1 . The peaks at 2963 and 2945cm' correlate well with the 
CH2  stretching vibrations of gas phase cyclopentane at 2960 and 2944cm 1 , 
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as seen in Figure 3-48. There is a concomicant shift in the 285 lcm' peak to 
2857cm-1 , and loss in intensity of both the 2081 and 2857cm -' peaks. The 
2857cm- ' peak then remains at this position, present throughout the subse-
quent spectra recorded. The 3057cm - ' peak immediately lost all intensity 
and is not present in any subsequent spectra, and the 280 1cm peak de-
cays gradually. What was the 2954cm' band (now 2945cm -1 ) shows a brief 
increase in intensity in the spectrum immediately following the two further 
hydrogen pulses. Together with the mass spectral and TCD evidence, and 
from a comparison from the DRIFT spectra of cyclopentane on EuroPt-1, 
Figure 3-48, and gas phase cyclopentene vibrational frequencies, it can be 
concluded that pulsing the cyclopentene covered surface at 310K results in 
the hydrogenation of cyclopentene to cyclopentane on the catalyst surface 
followed by desorption into the gas phase. Very small amounts of hydro-
genation were observed following the two subsequent pulses of hydrogen, 
and the products were swiftly swept away in the helium flow. Cyclopentane 
on EuroPt-1 showed a dominant band at 2859cm 1 , and another band at 
2949cm 1 , as shown in Figure 3-48. 
In the second hydrogen pulsing experiment, the DRIFTS spectra recorded 
during adsorption of cyclopentene and prior to heating and pulsing with hy-
drogen at 483K showed bands at 3057, 2955,2851 and 2800cm 1 . After heat-
ing to 483K, bands were observed at 3063, 2967, 2930, 2909 and 285 1cm 1 . 
As the catalyst was heated during this series of spectra, again the 3057cm 1 
peak shifted to 3063cm' perhaps indicating the formation of the cyclopen-
tadienyl species on heating. As the first pulse of hydrogen passed over the 
catalyst, a shift of the 2930cm' band to 2934cm' was observed, perhaps 
indicating the hydrogenation of an unsaturated species. This band sub-
sequently decreased in intensity, along with a decrease in intensity of the 
3063cm' band (and perhaps the 285 lcm' band). The 3063cm 1 band van-
ished after the pulse of hydrogen, perhaps indicating the hydrogenation of 
the cyclopentadienyl species and desorption from the surface. No persistent 
band was observed as in the initial TPD experiment discussed earlier. The 
136 
effect of further pulses of hydrogen is not shown since peaks have decreased 
to almost negligible intensities at this point. 
The identity of the two small emergent peaks has not been positively 
established from the surface reaction experiments with hydrogen, although 
hydrogenation appeared to result, indicating these bands to be due to vi-
brations of an unsaturated species. They may be due to a dehydrogenated 
species of C 5H or other stoichiometry. Other possibilities include reorien-
tation of the molecule on the surface, or breakup of the C 5 ring, but the 
hydrogenation experiments do not support the possibility of fragmentation. 
The 3057cm-1  band was not evident at high temperature in the hydrogen 
pulsing experiment, indicating the species responsible is not present on the 
catalyst in this experiment, as a result of earlier hydrogenation and desorp-
tion. 
The transmission experiment shows some differences to the DRIFTS ex-
periment. The relative intensities of the 2962 and 2852cm -1 bands observed 
in transmission are similar to those observed for the 2957 and 2867cm -1 
peaks in DRIFTS, suggesting that the intensities in the transmission ex-
periment are not influenced by the metal surface selection rule for some 
reason, although the shift in frequencies is a result of the interaction with 
the metal. Perhaps the physical nature of the catalyst has been altered in 
the manufacture of the disc. The signal to noise ratio is higher in transmis-
sion, due to the higher maximum response at 3000cm in the single beam 
spectrum from transmission in the CH stretching region. As shown in Fig -
ure 3-17, the maximum response in transmission is 2V compared with 0.4V 
in DRIFTS. Despite this disadvantage, DRIFTS shows good sensitivity in 
the CH stretching region, and experiments with cyclopentane and methyl-
cyclopentane were carried out using DRIFTS rather than, transmission. 
both 
Similar amounts of catalyst are in the infrared beam path in"transmis-
sion and DRIFTS although the transmission disc was made up of —p75mg 
of catalyst, and this should be remembered in considering quantitative up-
take determined from TCD and mass spectrometry. The transmission TPD 
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experiment showed a shoulder at slightly lower wavenumber than the 2955 
cm peak, at 2931cm -1 , although it is not clearly resolved as in the DRIFTS 
spectra. Also, a shoulder is apparent at 3037cm - ', and may be due to the 
cyclopentadienyl species. The apparently lower desorption temperatures in 
transmission are due to the thermocouple being sprung against the catalyst 
disc measuring the temperature at the edge of the disc, while considerable 
temperature gradients probably exist from there to the heating mesh at the 
centre of the disc, resulting in much higher actual temperatures at the cat-
alyst than measured by the thermocouple at the edge of the disc. In the 
DRIFTS cell, the thermocouple is embedded in the catalyst sample and so 
measures the temperature more accurately. 
The frequencies observed for cyclopentene on EuroPt- 1 from transmission 
infrared are all slightly higher than the corresponding DRIFTS frequencies. 
There may be differing contributions from gas phase or weakly adsorbed 
species in the two experiments. The 2962cm 1 band is initially dominant 
and remains within ± 2cm -' throughout. The 3062cm -1 peak is reasonably 
steady but ranges up to 3067cm -1 in the first few spectra, probably due to 
the low signal to noise ratio there. The 2852cm - ' peak is steady, and the 
2806cm-1  peak shows some variation in frequency, particularly as the first 
peak tails off and the next pulse arrives at the catalyst, there is a shift of 
8cm 1 . In marked contrast with the corresponding DRIFTS spectra, Figure 
3-30, the bands observed using transmission infrared are much slower to 
grow in intensity due to diffusion over the catalyst surface, and the higher 
signal to noise ratio throughout is obvious. Following the first pulse, the 
2962cm peak is dominant, with only a hint of the other peaks which later 
emerge. The 2962cm' peak observed in transmission is more symmetrical 
than the corresponding peak observed in DRIFTS. Following the next pulse, 
the other three bands appear more clearly, and all bands subsequently in-
crease in intensity with different relative intensities to those observed in 
DRIFTS, as already described. 
An important feature to note is the relative intensities of the various 
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bands observed in the spectra. To illustrate this, a spectrum of adsorbed 
cyclopentene in each series following three pulses has been plotted in Figure 
3-26. All spectra are plotted on the same intensity scale to illustrate the 
absolute intensities of bands in the three experiments. The surface area 
of the silica is 364 m2g' compared with the surface area of the catalyst of 
165 m2g 1 . This factor is also apparent in the greater uptake of hydrocarbon 
by silica than by EuroPt-1. 
The signal to noise levels in the DRIFTS and transmission spectra were 
markedly different. In the DRIFTS spectra, the mean peak to peak noise 
level was 0.0003 Absorbance units, in contrast to 0.0001 Absorbance units in 
the transmsission spectra. This gave signal to noise ratios of 12: 2: 45: 12 
for the 3059, 2955, 2850 and 280 1cm - ' peaks in the DRIFTS spectra and 
21: 59: 39: 10 in transmission, for the 3062, 2962, 2852 and 2806cm -1 
peaks in the transmission spectra, following three pulses. The relative 
signal to noise ratio for these peaks in transmission compared with DRIFTS 
is given by division of these ratios, giving 1.7: 2.1: 0.9: 0.8. 
During TPD in the transmission experiment, the 3062cm' peak position 
varies only slightly, and above 433K a small peak at 3037cm is apparent. 
The 2962cm 1 peak shifts slightly as it loses intensity, to 2954cm' at 513K 
with a small side peak at 293 1cm -1 emerging. The 2852cm peak shifts 
only slightly to 2849cm- ' and the 2806cm-' peak decays the most rapidly 
with no noticeable shift in frequency. 
3.12.2 Cyclopentane 
The band frequencies for adsorbed cyclopentane on EuroPt-1 and silica ob-
served using DRIFTS are listed in Table 3-7, together with their proposed 
assignment. Some frequencies from related studies and the appropriate 
symmetry label for gas phase species, under Dsh symmetry , are listed in 
Table 3-8. As with cyclopentene, the operation of the metal surface selection 
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Figure 3-26: illustration of cyclopentene band intensities on (a) EuroPt-1 / 
DRIFTS, (b) Silica / DRIFTS and (c) EuroPt-1 / transmission. 
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Table 3-7: Position and assignment of bands from cyclopentane on EuroPt-1 
and silica. 
Proposed 	 i7 /cm-1 
Assignment EuroPt-1 	silica 
• (CH2 )asym A 2949(wlm) 2957(m) 
2920(sh) 
• (CH2 )sym E 	2859(m) 2870(w) 
25 (CH2 ) 	2804(w)  
Table 3-8: Previous assignment of selected vibrational bands due to cy- 
clopentane. 
Assignment C, /cm 1 
EELS IR 
Pt(111) Ru(001) [167] [168) [168] 
multilayer [139) H bonded [139] [1531 liquid gas liquid 
ii (CH)asy m A' 	2960(s) 2960(s) 2935 2960(vs) 2966 2960 
&i (CH) sy m E 	sh 2866(vs) 2878 2890(vs) 
i' (CH2) soft 2320-2880(vs) 2610 
S (CH2) E 	1455(m) 1450(m) 1460 1450(vs) 1462 1456(s) 
is enhanced on EuroPt-1 relative to the band due to the CH 2 asymmetric 
stretch at 2949cm -'. The relative intensities of the 2870 and 2957cm -1 
bands observed on silica are reversed on EuroPt-1 after three pulses with 
the 2859cm-1 peak dominant. 
The adsorption of cyclopentane on EuroPt-1 showed bands with vibra-
tional frequencies in good agreement with previous surface studies and with 
liquid cyclopentane. The band at 2949cm -' was only briefly observed fol-
lowing a pulse, and then lost intensity as the 2859 and 2804cm - ' bands 
maintained or actually increased their intensities after a pulse had passed 
through the catalyst. These bands are assigned as the ii UH 2 (antsym-
metric) stretching vibration at 2949cm and ii CH 2 (symmetric) stretching 
vibration at 2859cm -1 , and their shift to lower wavenumber from that of liq-
uid cyclopentane and from those observed on silica at 2957 and 2870cm, 
indicate the influence of the metal on the vibrational frequencies. 
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The reversal in relative intensities of the 2949 and 2859cm 1 bands from 
that observed for the 2957 and 2870cm -1 bands on silica again indicate 
the enhancement of the symmetric vibration and attenuation of the anti-
symmetric vibration in the presence of the metal, thus the operation of the 
metal surface selection rule. Overall, the band intensities are weaker for 
cyclopentane than for cyclopentene. There was no sign of any soft bands 
such as those observed by Avery for cyclopentane adsorbed on Pt(111), and 
this is further investigated in the RAIIRS study of cyclopentane on Pt(111) 
in the next Chapter. TPD shows uncomplicated decay in band intensities 
at lower temperature than observed for cyclopentene, indicating molecular 
desorption without dehydrogenation or decomposition. 
The frequency of the 2949cm band on EuroPt-1 varied between 2947 
and 2953cm 1 , and the 2859cm band was steady as was the 2804cm 
peak. During TPD, there was little variation in any of the peak frequen-
cies. TPD of cyclopentane from EuroPt-1 gave a maximum rate of decay of 
the 2859cm 1  band at 363 ± 5 K corresponding to an activation energy to 
desorption, calculated as described for cyclopentene, of 106 ± 2 kJmol* 
On silica, bands were all at the quoted frequency, or within ± 2cm. The 
maximum rate of decay of the 2957cm band from cyclopentane on silica 
was at 328 ± 5 K, corresponding to an activation energy to desorption of 96 
± 2 kJmol. A spectrum from each series of spectra following adsorption 
of cyclopentane on EuroPt-1 and on silica is plotted in Figure 3-27 for com-
parison, showing cyclopentane to be held slightly more strongly on EuroPt-1 
than on silica. 
3.12.3 Methylcyclopentane 
The frequency of bands observed for methylcyclopentane adsorbed on 
EuroPt-1 and on silica are listed in Table 3-9, along with their assignment. 
No CH vibration, for the H attached to the carbon to which the methyl group 
is also attached, was seen for methylcyclopentane above 3000cm, proba- 
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Figure 3-27: DRIFTS spectra of cyclopentane adsorbed on (a) EuroPt-1 and 
(b) silica. 
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Table 3-9: Position and assignment of bands from methylcyclopentane on 
EuroPt- 1. 
Assignment i /cm-1 
EuroPt-1 	silica 
ii (CH2)asym 2946 	2954 
U (CH3)sym 2907 	2912 (sh) 
ii (CH2 )sym 2855 2869 
26 (CH2) 2808 
bly as it was too weak to be observed. The DRIFTS spectra of cyclopentane 
and methylcyclopentane on silica are very similar, but on EuroPt-1 they are 
markedly different. The 2855cm- ' band becomes dominant and is brought 
up in intensity in the presence of the metal along with the 2907cm -' band, 
compared with the corresponding spectra of cyclopentane on EuroPt-1. The 
2808cm-1  band is only seen on the catalyst, and is an overtone or combina-
tion band, again brought up in intensity in the presence of the metal. 
The bands observed following methylcyclopentane adsorption were as-
signed on the basis of the cyclopentane spectra observed and from the lit-
erature cyclopentane frequencies, with the knowledge of the presence of an 
additional methyl group. By analogy with cyclopentane, the 2946cm band 
was assigned to the antisymmetric CH 2 stretching vibration, the 2855cm' 
band to the symmetric CH 2 stretching vibration and the additional band at 
2907cm to the CH vibrations within the methyl group. The downshifting 
of these three peaks from the frequencies observed on silica is due to the 
presence of the metal. Again, a shift in relative intensities on EuroPt-1 was 
observed after the pulse had passed through the catalyst, as the 2946cm' 
peak lost intensity and the 2907 and 2855cm' peaks remained steady or 
gained intensity. This behaviour is similar to that observed for cycIopentane, 
but in contrast to that seen for cyclopentene. Following the three pulses, 
the 2855cm' band was dominant with respect to the 2946cm peak, con-
trasting with the corresponding peaks on silica. A spectrum of each of 
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methylcyclopentane and of cyclopentane adsorbed on EuroPt-1 is shown in 
Figure 3-28 for comparison. 
0 
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Wavenumbers / cm' 
Figure 3-28: DRIFTS spectra of (a) methylcyclopentane and (b) cyclopen-
tane adsorbed on EuroPt-1 
As for cyclopentene, enhancement of the 2855cm -1 peak and of the 
2907cm' peak, the symmetric CH2 and CH3 stretching vibrations, with 
respect to the 2946cm' band illustrates the operation of the metal surface 
selection rule. These relative intensities are in contrast with the relative 
intensities observed on silica. As for the other molecules, a spectrum from 
each of the series of adsorption on EuroPt-1 and on silica is shown in Figure 
3-29 for comparison. 
There is noise superimposed on the EuroPt-1 spectra, but the behaviour 
of the peak maxima can be discerned. The 2946cm -1 peak frequency is 
steady, the 2907cm 1 peak varies from 2912cm-1 to 2906cm' due to the 
noise, and the other peaks remain at constant frequency. During TPD, the 
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Figure 3-29: Illustration of the differences between a DRIFTS spectrum of 
methylcyclopentane adsorbed on (a) EuroPt-1 and (b) silica. 
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at 423K, and the 2808cm 1  peak is at constant frequency. The maximum 
rate of decrease of the 2855cm -1  peak during the TPD of methylcyclopentane 
from EuroPt-1 was observed at 363 ± 5 K, corresponding to an activation 
energy to desorption, calculated in the same way as before, of 106± 2 kJmol 
On silica, the peak frequencies are constant throughout adsorption and 
TPD. Desorption of methylcyclopentane from silica shows a maximum rate 
of decrease of the 2954cm -1  band at 328 ± 5 K giving an activation en-
ergy to desorption of 96 ± 2 kJmol', similar to that for the desorption of 
cyclopentane from silica. 
3.13 Summary 
The infrared study of the adsorption of three cyclic hydrocarbon molecules 
on EuroPt-1 and on silica has shown the suitability of DRIFTS in studying 
vibrations in the ii (CH) region. The bands observed could be assigned to 
particular vibrations with reference to literature spectra and to previous 
surface studies. The variation in intensity of infrared bands was used to 
monitor the adsorption and desorption/decay of bands! species. In conjunc-
tion with TCD and mass spectral analysis of the gas phase, quantitative 
information was determined. The uptake of hydrocarbon from each pulse 
injected into the flow system was determined from the integrated area under 
TCD peaks. Analysis of the gas phase with the mass spectrometer revealed 
the composition of the products following adsorption and reaction. The de-
cay in intensity of JR bands allowed an estimation of the activation energy 
to desorption, so revealing the strength of the interaction of the adsorbate 
with the catalyst. The infrared bands observed are summarised with their 
assignment in Table 3-10. 
The strongest interaction was for cyclopentene, which also showed a con-
siderable difference in the activation energy to desorption/decay of species 
from silica and from the metal. The small difference in the figures for both 
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Table 3-10: Summary of DRIFTS vibrational frequencies determined in this 
study. 
F, /cm- ' 
Assignment cyclopentene cyclopentane methyl- 
cyclopentane 
• (CH) 3059(w) 
• (CH2 )asym 2955(w) 2949(w/m) 2946(w/m) 
• (CH3 ) sym 2907(w/m) 
• (CH2 ) sym 2850(s) 2859(m) 2855(m) 
2(5 (CH 2 ) 2801(w) 2804(w) 2808(w) 
the alkanes studied is consistent with the metal-alkane interaction being 
weaker than the metal-alkene interaction, reflected by the difference in the 
activation energy to desorption for the alkanes studied and for cyclopen-
tone. The main figures extracted for the collated data are summarised in 
Table 3-11 
TPD of cyclopentene resulted in formation of new bands, and although 
their identity has not been established, temperature programmed experi-
ments with hydrogen indicate that hydrogenation occurs. Cyclopentane and 
methylcyclopentane showed simpler chemistry on the surface, and desorbed 
molecularly on heating. 
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Table 3-11: Summary of data obtained in the study of adsorption on 
EuroPt- 1 
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Figure 3-30: DRIFTS spectra recorded during cyclopentene adsorption on 
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Figure 3-31: DRWFS spectra recorded during cydopentene adsorption on 
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Figure 3-32: Strength of absorption bands as a function of time during cy-
clopentene adsorption on EuroPt-1, from DRIFTS spectra in 
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Figure 3-33: DRIFTS spectra recorded during TPD following cyclopentene 
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Figure 3-34: Expanded plots of the final two spectra during TPD of cyclopen-
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Figure 3-35: Strength of absorption bands as a. function of temperature dur-
ing TPD of cyclopentene from EuroPt-1, from DRIFTS spectra 
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Figure 3-36: DRIFTS spectra recorded during H 2 pulsing at 310K following 
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Figure 3-37: Strength of absorption bands as a function of spectrum number 
during hydrogen pulsing of cyclopentene on EuroPt-1, from 
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Figure 3-38: DRIFTS spectra recorded during H2 pulsing following cy-
clopentene adsorption on EuroPt-1 and then heating to 483K 
(3150 -' 2750cm 1 ). 
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Figure 3-39: DRIFTS spectra recorded during cyclopentene adsorption on 
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Figure 3-40: Strength of absorption bands as a function of time during 
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Figure 3-41: DRIFTS spectra recorded during TPD following cyclopentene 













Figure 3-42: Strength of absorption bands as a function of temperature dur-
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Figure 3-43: Transmission infrared spectra recorded during cyclopentene 
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Figure 3-44: Strength of absorption bands as a function of time during cy -
clopentene adsorption on EuroPt-1, from transmission spectra 
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Figure 3-45: Transmission infrared spectra recorded during 'lTD following 
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Figure 3-46: Expanded plot of 463K spectrum in series of transmission TPD 
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Figure 3-47: Strength of absorption bands as a function of temperature dur-
ing TPD of cyclopentene from EuroPt-1, from transmission 










10.01  2949 
3050 	3000 	2950 	2900 	2850 	2800 	2750 
Wavenumbers / cm 1 
Figure 3-48: DRIFTS spectra recorded during cyclopentane adsorption on 
EuroPt4 at 309K (3050 - 2750cm 1 ). 
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Figure 3-49: Strength of absorption bands as a function of time during cy-
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Figure 3-50: DRIFTS spectra recorded during TPD following cyclopentane 
adsorption on EuroPt-1 (3050 -' 2750cm 1 ). 
170 









313 	333 	353 	373 	393 	413 	433 	453 
Temperature! K 
Figure 3-51: Strength of absorption bands as a function of temperature dur-
ing TPD of cyclopentane from EuroPt- 1, from DRIFTS spectra 










w- - -- 	 -- 
I 	 I 	 I 	 I 
3050 	3000 2950 2900 2850 	2800 	2750 
Wavenumbers / cm -1 
Figure 3-52: DRIFTS spectra recorded during cyclopentane adsorption on 
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Figure 3-53: Strength of absorption bands as a function of time during cy-
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Figure 3-54: DRIFTS spectra recorded during TPD following cyclopentane 
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Figure 3-55: Strength of absorption bands as a function of temperature dur-
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Figure 3-56: DRIFTS spectra recorded during methylcyclopentane adsorp-
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Figure 3-57: Strength of absorption bands as a function of time during 
methylcyclopentane adsorption on EuroPt-1, from DRIFTS 
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Figure 3-58: DRIFTS spectra recorded during TPD following methylcy-
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Figure 3-59: Strength of absorption bands as a function of temperature dur-
ing TPD of methylcyclopentane from EuroPt-1, from DRIFTS 
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Figure 3-60: DRIFTS spectra recorded during methylcyclopentane adsorp-
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Figure 3-61: Strength of absorption bands as a function of time during 
methylcyclopentane adsorption on silica, from DRIFTS spec-
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Figure 3-62: DRIFTS spectra recorded during TPD following methylcy-
clopentane adsorption on silica (3050 -+ 2750cm 1 ). 
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Figure 3-63: Strength of absorption bands as a function of temperature dur-
ing TPD of methylcyclopentane from silica, from DRIFTS spec-
tra in Figure 3-62. 
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Chapter 4 
RAIRS Study of Adsorption of 
Cyclic Hydrocarbons on Pt(111) 
4.1 Introduction 
The form of infrared spectroscopy discussed in this Chapter is that of Re-
flection Absorption Infrared Spectroscopy, known as RAIRS or sometimes as 
IRAS (Infrared Reflection Absorption Spectroscopy). In contrast to DRIFTS 
and transmission infrared spectroscopy discussed in the preceecling Chap-
ter, RAIRS is applicable to macroscopic planar metal surfaces rather than 
to the high surface area supported metals described earlier. 
The technique has developed to its current status as one of the most use-
ful ways of investigating catalytic behaviour on model catalyst surfaces from 
initial studies back in 1959. Monolayers of hydrogen and CO were studied 
on metal ifim mirrors and Langmuir-Blodgett films on silver were also in-
vestigated [1691. In the initial RAIRS experiments, multiple reflection of 
the infrared beam from polycrystalline surfaces incident at near grazing in-
cidence was used in order to obtain sufficient sensitivity [170-1741. Greenler 
subsequently investigated the conditions for optimum absorbance using the 
multiple reflection technique, both experimentally [1731, and theoretically 
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[175]. He showed that in fact the optimum angle of incidence is close to 
grazing. Greenler's conclusions provide the basis of the RAIRS experiment. 
With the development of vacuum technology and surface science in the 
1960s, RAIRS was applied to more well defined surfaces, firstly to UHV-
prepared metal films and subsequently to the single crystal substrates used 
today. The first reported RAIRS observation on a single crystal surface was 
of CO on copper, in 1972 [1761. Since then, many RAIIRS experiments have 
been reported using both metal and semiconductor substrates. Many review 
articles on the technique have been published [177-180, 133]. 
Studies were initially made of CO adsorption since it is a strong infrared 
chromophore, and now the more weakly absorbing hydrocarbons can be 
routinely investigated. Typical absorption by a CO monolayer on a 1cm 2 
single crystal is of the order of 2-3%, and for a hydrocarbon 0.01%. 
4.2 The Physical Basis of RAIRS 
The physical basis of reflection absorption infrared spectroscopy is sum-
marised below. For a molecule adsorbed on a metal surface, its interaction 
with radiation is dominated by the dielectric behaviour of the metal as the 
electric field of the infrared beam and the dipole moment of the molecular 
vibration both interact with the metal electrons. The conditions for a RAIRS 
experiment must be optimised to achieve sufficient sensitivity since only a 
small number of vibrations can be observed due to the limited area of the sin-
gle crystal surface. This is typically 1cm 2 for a single crystal, compared with 
the hundreds of square metre surface areas of supported metal catalysts. 
Francis and Ellison [181] first recognised that only the p-polarised com-
ponent of the incident infrared radiation could interact strongly with an 
adsorbate, and this interaction was enhanced at high angles of incidence. 
They also investigated the effect of the metal on the absorption of infrared 
radiation by adsorbates. Greenler quantified these factors [175] using a 
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classical electrodynamic and therefore macroscopic model, as outlined be-
low. This theoretical model forms the basis of the RAIRS experiment. Sub-
sequently, several other theoretical treatments have been published [173, 
182-1851. For an infrared beam incident on a clean highly reflecting metal 
surface, it may be resolved into s- and p-polarised components in which the 
electric field vector oscillation is perpendicular and parallel to the plane of 
incidence respectively. This is shown by E 3 and E in Figure 4-1. E0 and 
E are the incident and reflected amplitudes respectively. The p-component 
tZ 
Figure 4-1: illustration of the electric vectors of the p and s-components of 
the infrared beam on a metal surface, from [178]. 
can be resolved into components parallel and perpendicular to the surface, 
as shown by E 11 and E 1 respectively in Figure 4-2. The phase shift of the 
s- and p-components upon reflection at the surface is considerably different, 
and is illustrated by E,' and E r '. The phase of the s-component undergoes a 
shift of almost 1800 on reflection, for all angles of incidence, 0 ( 0 is the angle 
between the incident beam and the surface normal), resulting in the electric 
vector of the s-component tangential to surface for all 0. This results in a 
surface field close to zero since the reflection coefficient of metals is close to 
unity at infrared frequencies. Hence, the s-component of the infrared beam 
cannot interact significantly with adsorbates. The p-polarised component 
of the radiation undergoes a phase change strongly dependent on the an-
gle of incidence. As 0 increases, the electric field vector of the p-component 
(which was tangential for 0=0), acquires an increasing component normal to 
Th 
Figure 4-2: illustration of the parallel and perpendicular components of the 
p-polarised beam, from [1801. 
the surface giving a surface electric field varying with angle of incidence as 
illustrated in Figure 4-3, shown for copper at 2000cm 1 . At 0 = 90° the sur-
face electric field drops sharply to zero. The profile is similar for all metals 
reflecting in the infrared. This figure shows that the effective field perpen-
dicular to the surface, E.L, is almost doubled at high angles of incidence 
whilst that parallel to the surface, E 11 , remains small for all angles of inci-
dence. E 3 is also shown, showing the very small surface field resulting from 
the s-component of the infrared beam. Hence, the p-component of the radi-
ation can create a significant field normal to the surface which can interact 
strongly with vibrations which have a dynamic dipole or component thereof 
oscillating perpendicular to the surface. This is the origin of the metal sur-
face selection rule [114], that vibrations normal or with component a normal 
to the surface may be observed on a metal surface. This was discussed 
in the context of small metal particles in supported metal catalysts in the 
previous Chapter, and illustrated using the image dipole argument. It re-
sults from the screening effect of the metal conduction electrons preventing 
a tangential field being established at the metal surface. This was further 
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Figure 4-3: Amplitudes of electric field components relative to E 0 (the inci-
dent amplitude) as a function of the angle of incidence, 0, for 
copper at 2000cm-1 , from [178]. 
erate in RAIRS [175] and in RAIRS spectra for a multilayer (25nm thick) 
copper oxalate film on a copper surface [186], as well as in EELS [1871. The 
area of the surface over which the enhanced field is effective increases as 
licosO for a given incident beam width. Hence, assuming that the intensity 
of absorption is proportional to E [1881, the intensity of absorption by a 
surface layer experiencing the field will depend on 0 as EsecO (sect) = 1 / 
cost)). This variation in intensity plotted as (EIE 0)2sec0 as a function of 0 is 
shown in Figure 4-4 for s-, p1 and Pii•  This function shows a sharp peak 
near grazing incidence, and has been confirmed experimentally for CO on 
copper films [189]. The enhancement at the optimum angle of incidence is 
very large with highly reflecting metals, of the order of twofold. However, 
in practice, the intensity enhancement can be limited. The physical size of 
a single crystal is too small to take full advantage of the sect) dependence 
since at high angles of incidence, the image from the source is likely to cover 
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Figure 4-4: illustration of variation in the surface intensity function 
(E/.E0 )2secO as a function of angle of incidence, from [1781. 
infrared beam from a thermal source necessarily results in some radiation 
incident on the crystal away from the optimum angle. 
The preceeding discussion was concerned with reflection from a clean 
metal surface i.e. a two phase system. However, when an adsorbate is 
present on the metal surface, its optical properties must also be considered, 
particularly its refractive index. Greenler [1751 extended the two phase 
macroscopic model to a three phase system as shown in Figure 4-5. n 1 is the 
refractive index in the vacuum, and similarly n 2 and n3 are the respective 
refractive indices of the adsorbate layer and of the metal. In this model, the 
adsorbate layer is considered as an isotropic dielectric, and in its presence, 
the absorption is reduced by a factor of n, where n 2 is the refractive index of 
the adsorbate layer, although the overall profile of the curve shown in Figure 
4-4 is retained [1901. McIntyre and Aspnes derived the same conclusions 
from analytical expressions for the relative change in reflectance (EIR) 






Figure 4-5: illustration of reflection from an adsorbate covered surface, from 
[180]. 
defined an absorption function A = AR/R* where AR = R°— R, and R° is 
the reflectance in the three phase system with a non absorbing adsorbate 
and R is the reflectance of the model adsorbate as shown in Figure 4-6. A 
is more representative of the absorption peak than the difference between 
reflectance of the ifim covered and bare surfaces. 
The main theoretical points forming the experimental ground rules for 
the RAIRS experiment are summarised below; 
Only the p-polarised component of the infrared radiation can interact 
with the adsorbate 
. Only vibrations with a finite component of the dynamic dipole moment 
perpendicular to the surface are infrared active 
. The RAIRS experiment is most efficient at high angles of incidence, i.e. 
near grazing, typically -85° 
. The most highly reflecting surfaces give rise to the highest absorbances 
As discussed earlier, initial RAIRS experiments were carried out using 






A 0 	Wavelength 
Figure 4-6: Definition of the Absorption function A, from [1801. 
the infrared beam and the absorbers, and thus to increase the intensity of 
absorption bands. Greenler considered theoretically the advantages of us-
ing multiple reflections [173, 1751. In the case of sensitivity being limited by 
detector noise, there is a loss in total intensity at each reflection as a result 
of the imperfect reflectivity of the substrate. Hence, there is an optimum 
number of reflections that maximises AR, at the point where the reflected 
intensity is lower than the initial incident intensity by a factor of e [1731. 
Figure 4-7 shows how the intensity of an absorption band varies as the 
number of reflections, N, for R° = 0.80 and R = 0.75. This figure shows the 
maximum absolute absorption intensity for four reflections, with the absorp-
tion intensity decreasing with further reflections. Greenler showed that for 
most metals, a large fraction of the optimised signal could be obtained from 
a single reflection, and subsequently, all RAIRS studies have been carried 
out using a single reflection. The potential gain in absorbance with further 
reflections is outweighed by the practical difficulties in implementing mul-
tiple reflections, particularly when using UHV systems equipped for RAIRS 
and other associated techniques. 
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Figure 4-7: Effect on absorption spectrum for an increasing number of re- 
flections, with R° = 0.80 and R = 0.75, from [1781. 
4.3 Further Experimental Considerations 
Since the number of adsorbate molecules on a typical single crystal sur-
face is small, typically 1014_1015  at monolayer coverage, it is essential to 
maximise the detected signal from the limited number of oscillating dipoles. 
This is even more important at sub-monolayer coverage and for weakly ab-
sorbing hydrocarbon molecules. Signal to noise ratios allowing detection of 
absorptions of< 0.1% are required. This is in stark contrast to DRIFTS and 
transmission infrared discussed earlier where there are 1018_1019  adsorbate 
molecules in the infrared beam path, and sensitivity is not such a problem. 
The infrared source used is typically a thermal emitter source, although 
infrared lasers and infrared synchrotron radiation can be used. As described 
briefly in Chapter 3, one type of thermal source is a Nernst Globar which is 
a silicon carbide rod heated to 1100K, mounted in a water cooled housing for 
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stability and to increase the source lifetime. It is close to a blackbody source, 
and the actual power output of the source is relatively low, typically 10 
Watts at a few wavenumbers resolution. It is because of the relatively weak 
output power of thermal sources that attention is turning to high power 
tunable infrared lasers and high intensity synchrotron sources [191]. 
To maximise the signal to noise ratio achievable, the various sources of 
noise must be considered and minimised. Noise can be divided into several 
sources, firstly detector noise originating from Johnson noise in the detec-
tor and preamplifier. There is also source limited noise, sometimes known 
as shot or photon noise. This arises from the fluctuation of the power of 
thermal sources resulting from the random nature of spontaneous emission. 
Noise can also arise from experimental fluctuations, such as changes in the 
atmosphere of the optical path, changes in optical alignment and mechan-
ical vibration of the crystal and detector. Such drifts can be minimised by 
mounting the entire spectrometer and associated UHV system on vibration 
free tables, and isolating or damping noise such as that due to mechanical 
rotary pumps. The infrared beam can be enclosed within a controlled envi-
ronment and purged with dry air or evacuated along with the optical bench. 
This also serves to eliminate absorption bands due to atmospheric H 20 and 
Co2 . 
Normally, RAMS spectra are obtained by recording a spectrum of the 
clean substrate and subsequently recording a spectrum with the adsorbate 
present, and then ratioing the two spectra to obtain that due to the adsorbate 
alone. The RAIRS spectrum is thus obtained in a similar way to the DRIFT 
and transmission spectra presented earlier, but a considerably greater num-
ber of scans must be collected to obtain satisfactory sensitivity in the RAIRS 
spectrum. This results in typical collection times of over 20 minutes for a 
several thousand scan RAIRS spectrum at 4cm' resolution compared with 
25 seconds for a 50 scan DRIFT or transmission spectrum. The /i advan-
tage obtained by recording n scans in FTIR must be balanced against any 
further noise introduced over the timescale of recording n scans. Long term 
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fluctuations adding to the detected noise level are generally more critical 
with dispersive instruments, and should not be too much of a problem with 
Fourier Transform (FT) instruments such as used in this study. 
Residual drift contributing to noise can be overcome using modulation 
techniques. The main purpose of modulation is to separate using phase 
locked detection the actual signal from superimposed noise, intensity fluc-
tuations and background. In the study described below, no modulation was 
required. However, polarisation modulation which exploits the fact that only 
the p-polarised radiation interacts with adsorbed molecules, can be used to 
subtract out gas phase bands when RAIRS spectra are recorded at higher 
pressures. By switching between s- and p-polarised light using a rotating 
polariser, the s-component can be used as a reference beam [192, 193]. 
To achieve maximum sensitivity in a RAIRS experiment, the limiting 
factor should be detector noise. Typical detectors used in RAIRS are cooled 
photoconductive or photovoltaic detectors with low noise levels. Liquid he-
hum cooled Germanium bolometer detectors can be used, offering very low 
noise levels and uniform responsivity over almost the entire infrared range. 
However, the use of such detectors adds considerably to the complexity of 
the experiment, and more often the liquid nitrogen cooled semiconductor 
detectors are employed. 
One of the first reported uses of FT-RAIRS was by Low and McManus 
[174], although most early RAIRS experiments used dispersive spectrom-
eters. Both FT and dispersive techniques have been compared [194, 195], 
with the conclusion that FTIR offers many advantages over dispersive tech-
niques for RAIRS. FT instruments are insensitive to changes in source in-
tensity and detector responsivity which contribute to the long term drifts 
associated with dispersive instruments. 
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4.4 Comparison of RAIRS and EELS 
As well as RAIRS, some other techniques have been developed to allow 
the study of molecular vibrations of molecules adsorbed on well defined 
metal surfaces. The other main techniques used are Surface Enhanced 
Raman Scattering (SERS), the main drawback of which is the very limited 
number of metal surfaces to which it can be applied, and Electron Energy 
Loss Spectroscopy (EELS) which is the principal 'competitor' to RAIRS. This 
technique involves reflection of a monoenergetic beam of low kinetic energy 
electrons (2-5eV) from a flat metal surface. The electrons lose kinetic energy 
in exciting molecular vibrations thus giving rise to absorption bands in the 
vibrational spectrum. 
The development of EELS preceeded that of RAIRS, with pioneering 
work done by Propst and Piper who reported the first vibrational spectra 
from a single crystal substrate, [CO -on W(100)] in 1967 [1961. At that 
time the resolution attainable was 50 meV(400cm1) 1,  and improvement in 
instrumentation followed [1971 leading to the establishment of EELS as a 
powerful vibrational spectroscopy in the mid 1970s. The EELS technique 
has been the subject of many reviews [197-199], and EELS and RAIRS 
have often been compared and contrasted [187, 200-203] Even today, each 
technique has advantages and limitations, which are snmmarised in Table 
4-1. The figures quoted are those that are routinely achievable, and are 
not state of the art figures. For example, Ibach has recently developed an 
EELS spectrometer capable of operation at 16cm 1 resolution [2041, and this 
promises to continue the development of the two techniques. 
In many respects, the two techniques are complementary. EELS suffers 
from the main disadvantages of limited resolution and its inability to operate 
1 1meV = 8cm' 
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Table 4-1: Summary of the main advantages and limitations of RAIRS and 
EELS. 
Technique RAIRS EELS 
Resolution 1cm' 40cm- ' 
Pressure Range UHV - atm. <10-6  mbar 
Spectral Range 4000-1000cm-1 5000-100cm- ' 
at ambient pressure. In contrast, RAIRS can operate easily down to the 
natural linewidth of surface bands (2-4 cm in ideal conditions). Any small 
shift of bands with coverage or during reaction can be easily detected. RAIRS 
can operate at high pressures approaching those of real catalytic reactions, 
and used with polarisation modulation as already described to subtract gas 
phase bands where they become significant. However, one of the main 
advantages EELS has over RAIRS is that the wavelength region that can be 
usefully covered is larger. At low wavenumber, RAIRS is limited by the low 
intensity of infrared sources in this region and by the available detection 
range, and usually vibrations below 850cm - ' cannot be observed using a 
'standard' detector. But EELS can detect vibrations down to lOOcm'. In 
EELS, the angle of incidence of the electron beam is typically 30-45 0, and 
observation near the specular direction (where the angle of incidence and 
reflection are equal) reveals dipole excitations subject to the metal surface 
selection rule described earlier. Off specular (impact) observation reveals 
those vibrations not restricted by the metal surface selection rule. Hence 
a combination of observations can reveal those bands forbidden in RA1RS. 
An advantage that RAIRS normally has over EELS is that the crystal is 
usually heated resistively in situ whereas this gives rise to problems in 
EELS as the electric field created by the heater would deflect the low energy 
electrons. For this reason, EELS spectra are usually recorded after heating 
and recooling the crystal. However, this problem can be overcome using 
another form of heating e.g. irradiating the back of the crystal, but this 
adds to the complexity of the EELS experiment. RAIRS spectra can also 
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be compared directly with results from supported metal catalysts recorded 
using other forms of infrared spectroscopy. 
4.5 Survey of RAIRS studies of hydrocarbon 
adsorption 
The majority of reported RAIRS studies on single crystal metal surfaces have 
involved CO as the adsorbate. This is mainly because CO is a strong infrared 
absorber and can be easily handled in a UHV system. These studies have 
been summarised and discussed many times [177, 178, 180]. CO has proved 
to be a useful probe molecule since it is a strong infrared chromophore due 
to its high dipole moment, and it can adsorb molecularly in distinct linear 
(on-top) sites, and bridging sites, bonded to two or three surface metal atoms. 
CO in each of these locations has a distinct vibrational frequency that can 
be distinguished using high resolution infrared spectroscopy. 
However, the object of this study was to investigate more weakly ab-
sorbing hydrocarbon molecules on a metal single crystal surface, and some 
RAIRS results obtained from recent hydrocarbon studies are discussed be-
low. The first reported RAIRS studies of hydrocarbon molecules adsorbed on 
a single crystal metal surface were of cyclohexane on Cu(111) in 1986 [34] 
and on Cu(100) [35]. The adsorption of benzene on Pt(111) was also studied 
using RAIRS in 1986 [36]. One of the most studied species, ethylidyne, which 
is formed following ethene adsorption, has been observed many times using 
RAIRS [32, 39, 33, 205-2071. These RAIRS studies followed observation of 
the ethylidyne species on various metals using EELS and other techniques 
[33]. Adsorption of the series of C 2 to C6 straight chain alkanes has also been 
investigated [2081. RAIRS spectra of several alkenes have been compared 
with transmission infrared spectra of the alkenes on a PtJSi0 2 catalyst [207]. 
Cyclohexane adsorption on Pd(110) [150] and on Pt(100) [1521 has also 
been studied. In an investigation of cyclohexane adsorption on Pt( 111) [151], 
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a broad shifted band was observed resulting from the interaction between 
the CH bonds of the cyclohexane and the metal surface, the so called 'soft 
band'. In that study, RAIRS spectra were also reported of n -hexane, 2,2-
dimethylpropane and cyclopentane in order to investigate the occurrence 
of the soft C-H stretching band observed for cyclohexane. Soft bands were 
indeed observed for these molecules, and it was noted that the soft bands 
were very weak and broad, and so more difficult to observe than using 
EELS, although the integrated area under the broad soft band relative to 
that under the sharp bands observed in the same spectrum showed the soft 
band to be the most intense band in the spectrum, as with EELS. Adsorption 
of but- 1-ene and isobutene on Ru(0001) has been investigated using RAIRS 
[2091, as well as adsorption of trans—but-2-ene [210]. Chesters has recently 
published two general articles including RAIRS spectra [211,212]. Sheppard 
has published a comprehensive review of vibrational spectroscopic studies of 
species derived from adsorbed hydrocarbons on metal single crystal surfaces 
[213]. 
4.6 Previous surface studies 
Cyclopentene 
Results from previous observation of cyclopentene adsorption on single crys-
tals was discussed and summarised in the previous Chapter. A model of 
cyclopentene behaviour on Pt(111) was shown in Figure 3-20. However, 
no vibrational bands could be observed in the CH deformation region using 
DRIFTS or transmission infrared spectroscopy due to strong absorption by 
the silica support below 1400 or 1300cm - ', respectively. Consequently, study 
in that Chapter was concerned solely with CH stretching vibrations which 
were easily observed. In RAIRS there is no such problem, and the limiting 
factor at low wavenumber is the detector cut-off at around 850cm 1 . Hence 
the RAIRS spectra provide a vibrational spectrum across a wide region and 
can be analysed in comparison with EELS spectra across a similar spectral 
range. The vibrational data discussed previously (mainly EELS relating 
to the CH stretching region of the infrared spectrum) is described in more 
detail here, with particular relevance to the RAIRS study undertaken. 
Avery's studies of cyclopentene adsorption on Pt(111) showed a submono-
layer spectrum recorded at 90K, and a saturation coverage spectrum also 
recorded at 90K, after heating a previously saturated surface to 180K to 
evaporate excess multilayer [136]. The conspicuous bands observed for a 
submonolayer, saturated and a multilayer covered surface are summarised 
in Table 4-2. All Avery's EELS spectra were recorded in the specular direc-
tion. The infrared frequencies from some vibrational studies of cyclopentene 
are listed, with the appropriate symmetry species under C 2 , symmetry, in 
Table 4-3 for comparison. The bands are listed under the assignment of 
[160], with any differences indicated. The vibrational spectrum of cyclopen-
tone is normally interpreted in terms of C 2 , symmetry [160], although it 
is known to be non-planar (C symmetry). However, slight bending of the 
molecule away from planar results in only a small perturbation of the C 2 , 
selection rules. Hence there are 33 fundamental vibrations, but those of A 2 
symmetry are not infrared active. 
The ir=(CH) vibration at 3085cm, ii (C=C) at 1630cm and strong cis-
r (=CH) out of plane wagging mode at 700cm are all attenuated in the 
sub-monolayer and monolayer spectra. This was interpreted to indicate 
that bonding to the surface occurred by considerable rehybridisation of the 
alkene carbon atoms, indicating that cyclopentene is bonded to Pt(111) in an 
71 2-di-c form rather than via ir bonding. This interpretation was supported 
by the observation that the two bands at 2890 and 2970cm are about 
40cm' higher than expected for an unstrained methylene (-CH 2-) group 
[1361 and are more consistent with the slightly strained cyclopentane ring, 
where v (CH2) is 2865cm and VaS (Cl2) is 2955cm [167]. The feature at 
2695cm-1 , apparent at low coverage, which shifted to 2750cm - ' at saturation 
was ascribed to a soft band after Demuth [146]. 
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Table 4-2: Summary of EELS vibrational frequencies of cyclopentene from 
previous studies, from [1361. 
Mode 	 i /cm-1 
sub- 	multilayer 	saturated 
monolayer (93K) * 	90K surface 250K 
• (CH) 	 3080(w) 
• (CH2) 	 2970 	2975(m) 	 2970 
2890 
• (CH) soft 2695 2695-2750 
• (C=C) 1630(w) 
5 (CH) 1460 1470(m) 1460 
Pw (CH2 ) 1295 1310(w) 1295 
Pw (CH2) 1230 1230(w) 1230 
Vas (CC) 1090 1050(m) 1090 
Vs (CC) 880 910(m) 880(vs) 
ir (CH) 705(s) 720(w) 
S (CCC) 600 620(m) 600 
xi (Pt-c-0 5H8 ) 450 -- 450 
* peak positions not quoted, but estimated from the spectrum presented 
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Table 4-3: Summary of vibrational frequencies of cyclopentene. 
Mode 	 C' /cm — I 
JR 	IR 	JR 	 JR 
V 	Assignment 	 Gas[160] 	Solid[160] liquid[161] 	96K [214] 
1 CH sym. str. Al 3078(s) 3057 3066(s) [163] 
18 CH antisym. str. B1 3068(s) 3050 
27 a-CH2 antisym. str. (i.p.) B2 2963(s) 2955 2958(vs) [163] 
28 p-CH2 antisym. str. B2 2933(s) 2925 2902(vs) [163] 
2 -CH2 sym. str. Al 2903(s) 2900 
19 c-CH2 sym. str. (o.p.) B1 2873(s) 2865 2927(vs) [163) 
3 a-CH2 sym. str. O-p) Al 2860(s) 2849 2852(vs) [163] 
4 C=C str. Al 1623(m) 1610 1619 
5 3-CH2 def. Al 147 1(vw) 1463 1465 
6 o-CH2 def. (i.p.) Al 1445(m) 1443 
20 a-CH2 def. (o.p.) B1 1438(vw) 1437 1445 
21 -CH bend (o.p.) B1 1353(m) 1348 1351 
7 a-CH2 wag (i.p.) A1 1290(m) 1293 1297 
22 a-CH2 wag(o.p.) B1 1268(m) 1275 1282 
29 c-CH2 twist (i.p.) B2 1207(m) 1206(B1) 
23 3-CH2 wag B1 1128(w) 1128 1127(B2) 
8 -CH bend i.p. Al 1101(w) 1100 11070 
30 a-CR2 rock (i.p.) B2 1047(s) 1047 1043(B1) 
24 ring mode B1 1037(w) 1025 1020(B2) 
9 ring mode Al 962(w) 963 965 
25 ring mode B1 933 
9370 





31 1-CH bend (i.p.) B2 695 697 	698(A2) 
26 ring mode B1 695(s) 697 
11 ring mode Al 608(w) 604 	603 
32 j3-CH2 rock B2 593(m) 
33 ring puckering B2 1270 [162) 
O Raman frequency 
b Assigned as L'13 
Assigned as i16 




















Following annealing the adsorbed cyclopentene to 250 -+ 300K, the 
EELS spectrum obtained was simpler than those previously described. The 
spectrum shows evidence of unsaturated CH vibrations at 3060cm -1 , and 
the spectrum was assigned to an adsorbed pentahaptocyclopentadienyl ,-. 
C 5H5 (i7 5 —Cp) species from comparison with the infrared spectra of ferrocene 
FeCp 2  [166] and the planar cyclopentadienylide anion, Cp [165], as shown 
in Table 4-4, with the appropriate symmetry species under D5d symmetry 
(Ferrocene has D5h  symmetry in the eclipsed form and Dsd symmetry in the 
staggered form). However, with the low resolution of EELS, bands from the 
CH vibrations at the point of attachment of the r 2 ring to the surface could 
not be resolved from methylene vibrations. 
Heating this species in a molecular beam of D2 at 460K for 60s resulted 
in exchange of the hydrogen atoms giving shifted EELS bands at 2280 and 
605cm-1 , as listed under the column headed D 2 in Table 4-4. The isotopic 
shifts of 1.32 and 1.39 of the 3060 and 840cm -1 bands confirm that these 
bands are dominated by motion of the H atoms. Further heating leads to 
a loss in intensity of the peaks and at 700K, very weak bands at 840, 1150 
and 3070cm-1  were observed, and beyond this temperature, an essentially 
clean spectrum was observed. 
Avery has also studied the adsorption and reactivity of 1-3 cyclopentadi-
ene on Pt(111) using EELS [2151. On heating a saturated layer of c-0 5H6 
to 200K, a spectrum arising from a mixture of 7 5-Cp and 7 2-di-a-c-0 5H8  was 
recorded. 
Cyclopentene (and cyclopentadiene) adsorption has been studied on Rh 
(111) using Angle Resolved UV Photoelectron Spectroscopy (ARUPS) along 
with LEED and TDS [2161. Near Edge X-ray Absorption Fine Structure 
(NEXAFS) for cyclopentene has been measured, and seems to indicate cy-
clopentene to be adsorbed on Pt(111) as a ir bonded species, in contrast to 
Avery's EELS studies described above [2171. The surface chemistry of cy -
clopentene on Rh(111) was found to be quite different from that on Pt(111). 
On Pt(111), the cyclopentene monolayer dehydrogenates to C 5H5 at 250 
202 
1033 










V, (CC) A2 
fi(CH) 
ir (CH) A2 
ring tilt E1 
V.., (MCp2 ) A2 
Vs (MCp2 ) 
6 (MCp 2 ) E 1 
Table 4-4: Vibrational frequencies and assignments of the cyclopentadienyl 
species, C 5H5 (Cp). 
Mode 
EELS [1361 JR 
D 2 KCp FeCp2 
370K 460K [165] [166] 
• (CH) A2 	3060 	2280 3096 a 3085(s) 
• (CH) A1 	29901 3039 3075(s) 
as (CC) E1 1455 1411(s) 
1245 
a Raman active mode 
I This band was originally reported at 3010cm 1 and adjusted 
after further study 
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300K, and on Rh(111) it dehydrogenates to a species of C 5H6 stoichiometry 
above 190K. i1 5-0 5H5  is only formed on Rh(111) following adsorption at 290K. 
Cyclopentane 
The specular EELS spectra recorded by Avery for cyclopentane adsorbed on 
Pt(111) are described in detail below [1391. Spectra were recorded at 90K 
showing multilayer adsorption, and then after subsequent annealing. The 
band positions and their assignment for both spectra are listed in Table 4-5, 
with corresponding symmetry species of gas phase cyclopentane, D5h. In 
liquid cyclopentane, D5h symmetry approximately applies although modest 
ring puckering exists. However, the hydrogen atoms remain essentially 
eclipsed. 
The spectrum observed after annealing to 180K could also be produced, 
although more weakly, from submonolayer exposure at 90K. The very strong 
soft CH stretching band extending from 2320-2880cm -1 dominates the 180K 
spectrum, peaking at 2690cm* Heating to 200K resulted in the con-
comicant molecular cyclopentane desorption and partial dehydrogenation 
to r1 2-di-o-c-0 5H8 , with an EELS spectrum similar to that observed following 
cyclopentene adsorption observed [135, 1361. Further annealing, to 263K 
produced an EELS spectrum characteristic of 71 5-Cp. 
The only reported RAffiS spectrum of cyclopentane adsorption onPt(111), 
recorded at 130 - 150K shows absorption bands at around 2960,2920 and 
2880cm 1  with a broad soft CH band extending between 2400-2850cm 1 
[1511. No vibrations in any other region of the spectrum were reported or 
discussed, as the study was primarily concerned with observing soft C-H 
bands. 
EELS has also been used to study cyclopentane adsorption on Ru(001) 
[153]. Two specular EELS spectra were shown, of monolayer coverage ob-
tained by annealing a multilayer to 170K, and following heating to 200K 
where the spectrum, was ascribed to adsorbed cyclopentene. Characteristic 
204 
Table 4-5: Summary of literature vibrational frequencies of cyclopentane. 
Assignment 
	 i 1cm — ' 
JR 	 EELS Pt(111) [139) 	IUMa EELS 
gas[168] liquidt1681 liquid[167] multilayer H-bonded [151] 	Ru(001) 
- 	90K 	180K 	 [153] 
• (CH2) A;' 2966 2960(vs) 2960(vs) 2960(s) 2960(s) 
2959 2935 
2929 
• (CH2) E 2878 2890(vs) 2866(vs) ah 2876 
• (CH) soft 2880- 2850- 2610 
2320(vs) 2400 
S (CH2) E 1462 1456(s) 1450(vs) 1455(m) 1450(m) 1460 
S 	(CH2) E', 1312 1316(w) 1315(s) 1310(m) 
S 	(CH2) E; 1280(w) 1290 
S 	(CH2) A; 1260(w) 
S (CH2) E 1210(w) 1230(m)' 1230(m) 
St (CH2) E; 1030(vw) 
61 (CH,) E; 970(w) 
• (C-C) E 897 896(s) 896(s) 895(m) 903 
• (C-C) E 860(sh) 860(m) 
Sr (CH2) E;' 775(vw) 770(m) 
Sr (CH2) E; 545 546(w) 545(m) 550(m) 540(s) 524C 
zi(Pt-05H,o) 270(vs) 
o Approximate frequencies measured from Figure 4 in [151](2300-310 0cm 1 ) 
b Assigned as possibly p(CH2) A; and E; and p(CH,) E and E;' modes 
Presumed to also contain some intensity from the 
M-CO stretching vibration of residual CO adsorbed from the gas phase 
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C-H stretching vibrations were observed at 2855cm -1 (-C-H) and 3057cm 
(=C-H) and a strong ring deformation was observed at 758cm. 
4.7 Experimental 
The Reflection Absorption Infrared (RAIRS) experiments described in this 
Chapter were carried out using the apparatus described below. Adsorption 
was studied on a Pt(111) single crystal and the details of its mounting and 
preparation are described later. s mentioned in Section ., A 	 1 4 the crystal 
must be handled in an ultra high vacuum environment in order to prepare 
and maintain a clean surface for adsorption. Firstly, the vacuum system 
and associated gas handling facilities are described. 
4.7.1 Vacuum System 
The crystal was held within a stainless steel ultra high vacuum chamber 
constructed by Cryogenic and Vacuum Technology (CVT), Milton Keynes. 
This is illustrated schematically in Figures 4-8 and 4-9. 
The UHV system consists of a main chamber, pumped by an oil diffusion 
pump (Edwards E04K, pumping speed 600 is - ') backed by a rotary pump 
(Edwards E2M5 Double Stage). The base pressure attainable in the main 
chamber, pumping from atmospheric pressure was in the 10 mbar range 
within a matter of minutes. An ion pump was also connected to the main 
chamber (LeyboldHeraeus 1Z50), acting as an auxilliary pump to the diffu-
sion pump. The base pressure of the system could be lowered by enclosing 
the entire UHV system above the level of the table within a removable oven. 
The enclosed system could then be heated (normally to 393K), using ther-
mostatically controlled heating elements, typically for 24-48 hours. This 
allowed water and other volatile species adsorbed on the inner walls of the 
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the ultimate vacuum achievable from the iO mbar range to a pressure 
in the 1010 mbar range. At the end of bakeout, the system was allowed 
to cool with the oven still in place for several hours, pumping into the ion 
pump with the diffusion pump isolated from the main chamber to prevent 
any possible backstreaming of water or oil into the main chamber. This 
procedure allowed the system to cool at a controlled rate and minimised any 
thermal stress on ceramics and other fragile components. Following cool-
ing, the oven was removed and the liquid nitrogen trap above the diffusion 
pump was filled prior to opening the valve to the main chamber. All fila-
ments within the chamber were outgassed while the system was still hot to 
minimise any possible subsequent pressure limiting pressure bursts. The 
system was then left for several hours to cool to room temperature and reach 
its base pressure. 
A further pump, a liquid nitrogen cooled Titanium Sublimation Pump 
(TSP) (CVT TSP 1i70), situated between the main chamber and the diffusion 
pump, was used to supplement the diffusion pump and for rapid pumping 
prior to an experiment. When it was not possible to keep the liquid nitrogen 
trap filled, the main chamber was isolated from the diffusion pump and left 
pumping via the ion pump. This was capable of maintaining a pressure of 
5 x 10 mbar. Following this, the liquid nitrogen trap was filled prior to 
reopening the valve to the diffusion pump. 
The system had to be baked out in the manner described above following 
every time it was let up to atmospheric pressure, in order to attain the 
ultimate base pressure in the 1010  mbar range. 
4.7.2 Crystal Mounting and Preparation 
The Pt(111) single crystal used in this study was supplied by Goodfellow 
Metals. It was a circular disc, of 14mm diameter and 2mm thickness, and 
of 5N purity. Two spark eroded grooves were made on opposite sides of 
the edge of the crystal, which was mounted onto a copper rod using 0.5mm 
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tungsten wires passing through the grooves. These formed a loop which was 
fixed to the copper rod by passing round two screws above and below the 
crystal. This acted as a support as well as for heating the crystal. Heating 
was achieved by passing a DC current along copper wires connected to the 
tungsten wire thus resistively heating the crystal to temperatures above 
873K. The mounting of the crystal is shown schematically in Figure 4-10. 
The crystal and loop of tungsten wire were kept electrically insulated 
from the copper rod using UHV compatible ceramics. The crystal could also 
be cooled to 123K as the copper rod was in thermal contact with a liquid 
nitrogen reservoir. This was filled with liquid nitrogen in order to cool the 
crystal and to assist in rapid cooling after flashing prior to an experiment. 
The temperature of the crystal was measured using a chromel-alumel ther-
mocouple inserted into a spark eroded hole at the top edge of the crystal. 
The two copper heating wires and the thermocouple wires were fed through 
4-bore ceramics to connections leading through ceramic feedthroughs to the 
atmosphere. 
The copper rod which the crystal was mounted on was attached to the 
end of a stainless steel rod, and the entire assembly could be manipulated 
to limited degrees to move the crystal within the U}{V system in three di-
mensions. It could be moved vertically, and translated along both horizontal 
axes, calibrated accurately using a vernier scale. The manipulator assembly 
was attached to the main chamber via a differentially pumped rotary head 
assembly such that the volume around the the rotatable head (between UHV 
and atmospheric pressure) could be differentially pumped. 
Movement of the crystal within the main chamber was necessary for 
cleaning and characterisation of the crystal surface. 'In vacuo' cleaning in-
volved argon ion bombardment using the attached argon ion gun (typical 
ion current 6tAmps and 2keV energy). However, this was not found to be 
sufficient to achieve a clean surface, and cycles of heating under 5 x 10 6 




















Figure 4-10: illustration of the crystal mounting. 
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perature for many hours were necessary. This cleaning method is similar to 
those previously reported [218]. 
Surface cleanness was monitored using Auger Electron Spectroscopy 
(AES) and Low Energy Electron Diffraction (LEED) Combined LEED/ 
Auger optics (VG Model 640 LEED/Auger Optics) were used to view LEED 
patterns or to record Auger Electron Spectra. Their use is described briefly 
below. 
The optics consist of a concave phosphor screen and four concentric 
parabolic mesh grids centered on the crystal which is positioned to face 
the optics. This is illustrated schematically in Figure 4-11. The crystal 
faces a hot (thoria coated tantalum) filament electron gun which produces 
electrons that impinge on the crystal at normal incidence. 
In LEED mode, the diffraction pattern is obtained at low electron beam 
energy, typically <100eV. It is obtained on the phosphor screen and viewed 
through the viewport in the main chamber sited parallel to the LEED/ Auger 
optics. The grid nearest the sample (G4) is set at earth potential, as is 
the crystal. This ensures that electrons diffracted from the crystal travel 
through a field free region to the other grids, thus maintaining their radial 
geometry. A retarding voltage is applied to grid G2 to ensure that only elas-
tically scattered electrons reach the screen, and those with lower energy are 
repelled. Electrons are then accelerated to the phosphor screen by applying 
5kV to the screen. The typical beam current used was 2-3 1iAmps. 
For Auger operation, the optics were reset to energy analyse the sec-
ondary electrons produced from the crystal. The phosphor screen was used 
as an electron collector and was biased with a small positive voltage. A 
programmed retarding voltage is supplied to grids G3 and G3a, and only 
electrons with sufficient energy to overcome this voltage reach the screen. 
A conventional Auger spectrum is obtained by double differentiation of 
the collected current as a function of retarding voltage (i.e. electron en-
ergy). This is done electronically using the lock-in amplifier. In principle, a 
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Figure 4-11: Schematic diagram of the operation of the LEED/Auger optics. 
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small sinusoidal voltage is added to the retarding voltage and the resulting 
AC component of the collected current is detected by the lock-in amplifier 
operating at twice the modulation frequency. The output from the lock in 
amplifier is plotted as a function of the retarding voltage to give a conven-
tional Auger spectrum which is output to a chart recorder. Typically, 2.9keV 
was used as the electron gun voltage. 
In this study, LEED and Auger were used only to confirm the periodicity 
and cleanness of the surface prior to infrared experiments. No attempt was 
made to quantify the Auger spectra or to analyse spot intensities in the 
LEED patterns observed. - 
The main surface contaminants were found using AES to be carbon 
(273eV) and sulphur (152eV). The Auger peaks were assigned by comparison 
with reference spectra [2191. The region 350-100eV was normally scanned 
in an Auger spectrum since platinum has minor peaks at 248, 233, 165 and 
156eV. The main Auger peak for platinum occurs at 63eV, but it was not pos-
sible to detect this peak due to the large elastically scattered electron signal 
in this region. Oxygen has an Auger peak at 510eV and this was also mon-. 
itored, particularly following heating under oxygen. Typical Auger electron 
spectra recorded for a contaminated and a clean surface are shown in Figure 
4-12. The clean Pt(111) surface showed a sharp (lxi) LEED pattern. 
It was found that the most effective way of checking the surface order 
and purity of the crystal prior to an infrared experiment was to adsorb CO to 
saturation coverage, and to use the frequency and half width of the observed 
band due to linearly adsorbed CO to determine the condition of the surface. 
An example of a RAIRS spectrum of CO on Pt(l11)is shown in Figure 4-13. 
The strong band at 2087cm - ' is due to linearly bonded CO, and the weak 
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Figure 4-12: Examples of Auger Spectra recorded for (a) a contaminated 







2150 	2050 	1950 	1850 
Wavenuxnbers / cm' 
Figure 4-13: RAIRS spectrum of CO adsorbed on Pt(111). 
4.7.3 Infrared Setup 
The experimental setup for a reflection experiment involved translation of 
the crystal from the main chamber to the small high pressure infrared cell 
situated immediately below. The sample holder seats on two '0' rings to seal. 
The volume enclosed between these '0' rings can be differentially pumped 
when the crystal is isolated in the high pressure cell, allowing high pressures 
of gases to be used in the infrared cell whilst maintaining the main chamber 
at ultra high vacuum. 
The location of the crystal in the infrared cell is shown in Figure 4-
14. The infrared cell is situated in line with the infrared beam, which is 
taken outwith the optical bench of the Digilab FTS-40 Infrared Spectrometer. 
For DRIFTS and transmission experiments, the infrared beam path was as 
shown in Figure 3-11. For RAIIRS operation, the parabolic mirror used to 
direct the beam through the sample compartment was removed and replaced 
with a plane mirror to direct the beam towards the crystal. 
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et sealed 
Figure 4-14: illustration of the position of the crystal in the high pressure 
cell. 
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The direction of the beam from the spectrometer through evacuable hous-
ing to the infrared cell is shown in Figure 4-15. During an experiment, the 
path of the beam is kept evacuated using a rotary pump to minimise miscan-
cellation features due to atmospheric water and CO2.  On passing between 
the optical bench and the infrared cell, the beam passes through a KBr 
lens, positioned to focus it onto the crystal. The detector is positioned on 
the other side of the infrared cell, and the associated optics are connected 
through evacuable housing. The infrared beam enters and leaves the in-
frared cell by passing through two circular 25 x5mm circular KBr windows. 
These are mounted on a differentially pumped '0' ring seal. The geometry of 
the infrared cell and the beam is shown in Figure 4-16. This shows how the 
infrared beam is incident on the crystal surface at almost grazing incidence, 
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The optics were set up for a reflection experiment by first lowering the 
crystal into the infrared cell. The position of the plane mirror, KBr lens, 
detector mirrors and the detector were all then adjusted in turn to optimise 
the signal reflected from the crystal. This was performed by continuously 
monitoring the intensity of the zero retardation peak of the interferogram. 
The plane mirror and the KBr lens were then fixed securely, the spectrometer 
optical bench closed and evacuated. The transfer optics and detector optics 
housing were also evacuated at this stage, to around 10 mbar. The detector 
dewar itself was evacuated for several days prior to an experiment, using 
the small diffusion pump, via valve (33). This was in order to remove any 
water present to prevent ice formation on the cooled element of the detector 
which introduces broad bands at —3300cm' in the recorded spectra. 
4.7.4 Gas Handling 
Gases used for crystal cleaning and for adsorption were prepared using the 
gas handling section of the system below the table top. This was pumped 





















Figure 4-16: Geometry of the infrared cell and beam. 
(Edwards E02K, pumping speed 150 Is - ') backed by a double stage rotary 
pump (Edwards E2M2). Gases were admitted to the main chamber via valve 
35 (V35 in Figure 4.....9)2•  Gases were stored at high pressure in lecture bottles 
attached to the gas handling manifold. The gas handling line was normally 
pumped to rotary pump vacuum, and was pumped using the diffusion pump 
prior to admission of any gas. The pressure in this region was monitored 
using a Penning gauge (Penningvac PM410). A volume of gas was enclosed 
between valves V34 and V35 and was admitted to the main chamber from 
this reservoir. The rate of flow of gas into the chamber was controlled using 
the variable leak valve V35. 
The pressure in the main chamber was measured using an ion gauge (Ley-
bold Heraeus Iomvac 1M510). All pressures in rotary pumped volumes, and 
'Valves referred to in this section are those labelled in Figure 4-9 
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the diffusion pump backing pressures were measured using Pirani gauges 
(Leybold Heraeus Thermovac TM2 105 and TM22052). The Pirani gauges 
are shown by P1—P4 in Figure 4-9. 
The hydrocarbons, all liquids at room temperature and pressure were 
stored in glass vessels sealed with a 'Young's' greaseless vacuum tap. These 
could be attached to the glass line situated below the table top, and connected 
via a closeable valve to the volume between valves 34 and 35. The purity and 
suppliers of all gases and chemicals used are listed with those from previous 
Chapters in Appendix A. 
4.8 Results 
The operation of the infrared spectrometer was as described in Section 3.8, 
with the optics set up for RAIRS. As for DRIFTS or transmission, an inter-
ferogram such as that in Figure 3-17 was recorded. This was then computed 
to generate a single beam spectrum, an example of which is shown in Fig-
ure 4-17. The RAIRS single beam spectrum shows a different profile to 
the DRIFTS or transmission single beam spectra. The overall detector re-
sponse in a RAIRS experiment is at a similar level to that obtained using 
DRIFTS, and both are considerably less than in transmission mode. The 
low frequency detection limit is that of the detector (.-.'850cm 1 ), as there is 
no support cut-off as seen for both DRIFTS and transmission. 
As before, reflection spectra of the adsorbed hydrocarbon were gener-
ated by recording a background spectrum of the clean crystal, and recording 
subsequent single beam spectra following dosing an adsorbate without al-
tering the position of the crystal. Each spectrum of the adsorbate on the 
crystal was then ratioed against the background spectrum to produce an 
absorbance spectrum. A considerably larger number of scans had, however, 
to be recorded in order to achieve a satisfactory signal to noise level. This 
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Figure 4-17: A RATES single beam spectrum. 
scans were necessary, with a total acquisition time of 44 minutes for each 
spectrum. All RATES spectra were recorded under flowing hydrocarbon, 
rather than after a calibrated exposure. 
Again for ease of reference, all RATES spectra are grouped together at 
the end of this Chapter. Spectra are plotted in absorbance units throughout, 
and are not baseline corrected unless otherwise stated. 
4.8.1 Cyclopentene adsorption at low temperature 
A series of RATES spectra was recorded during adsorption of cyclopentene on 
Pt(111) at 173K, and during subsequent heating. Figure 4-22 shows the CH 
stretching region, v (CH) from 3150 - 2750cnr 1 , recorded under lx 10 
mbar flowing cyclopentene at 173K. The spectrum shows some weak CH 
stretching vibrations, and some very weak peaks were apparent elsewhere 
in the spectrum, at 1044, 1203, 1294 and 1350cm 1 , although this part of 
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the spectrum is not reproduced here. The first spectrum was recorded at 
very low (sub-monolayer) coverage. The positions of the bands observed are 
listed in Table 4-6 with those from multilayer adsorption, discussed below, 
following exposure to higher pressures of cyclopentene, with the proposed 
band assignments. 
The spectrum recorded under 5 x 10 mbar of cyclopentene is shown in 
Figures 4-23 and 4-24, recorded with the crystal temperature still at 173K. 
This spectrum shows many strong absorption bands, notably in the CH 
stretching region of the spectrum, and also one at 1044cm -1 . The complete 
(baseline corrected) spectrum is also plotted in Figure 4-25. The position 
and relative intensities of these bands are listed in Table 4-6. 
The spectrum recorded under 1 x 10  mbar of flowing cyclopentene, re-
sulted in further growth in intensity of the bands observed in the previous 
spectrum, showing that many layers of cyclopentene can be held on the sur-
face. This is shown in the spectrum shown in Figures 4-26 and 4-27. The 
complete (baseline corrected) spectrum is shown in Figure 4-28, and shows 
more intense absorption bands thanthe previous spectrum. Following this, 
a series of spectra was recorded as the crystal was heated to increasing 
temperatures, in order to observe the behaviour at higher temperatures 
and investigate any potential formation of the cyclopentadienyl species, as 
observed in Avery's EELS study. 
The spectrum recorded at 223K is shown in Figures 4-29 and 4-30. These 
Figures show a general decrease in intensity of all bands. The baseline 
slopes steeply in the low wavenumber region, corresponding to the point in 
the single beam spectrum, Figure 4-17, where the detector response falls 
rapidly to zero. Heating to 273K resulted in the spectrum shown in Figure 
4-31 [ ii (CH) region]. This spectrum shows a further decrease in intensity 
of the bands observed, with some small changes in the relative intensities, 
with the 2928cm - ' band coming up in relative intensity. Only very weak 
bands were visible in the remainder of the spectrum which is not shown. 
After heating the crystal to 293K, the spectrum shown in Figure 4-32 was 
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Table 4-6: Frequencies of submonolayer and multilayer coverage of cy-
clopentene on Pt(111), and proposed assignment. 
Assignment 
1 	i.' (CH),, 	 A1 
18 v (CH)angsa ym 	 B, 
27 a-CH, antisym. str. (i.p.) B 2 
28 3-CH2 antisym. str. 	B 2 
2 3-CH2 gym. StL 	A, 
19 	-CH2 sym. str. (o.p.) 	B, 
3 	cz-CH 2 sym. str. (i.p) A, 
4 C=Cstr. A, 
5 /3-CH 2 def. A, 
6 a-CH 2 def(i.p.) A, 
20 a-CH2 def(o.p.) B, 
21 -CH bend (o.p.) B, 
7 -CH2 wag (i.p.) A, 
22 a-CH, wag(o.p.) B, 
29 c-CH2 twist (i.p.) B 2 
23 j3-CH 2 wag B, 
8 A-CH bend Lp. A, 
30 a-CH, rock (Lp.) B 2 
24 ring mode B, 
9 ring mode A, 
10 ring mode A, 
17 /cm- ' 
RAIRS Frequency [this study] 
heated to 
submonolayer multilayer 273K 
3055 3057(m) 3057 
3048 3049(m) 



























recorded, and after heating to 423K the spectrum shown in Figure 4-33 was 
obtained. There is a shift in the baseline across the absorption bands in the 
v (CH) region which is apparent in the spectra recorded at 293K and 423K. 
The only bands evident in the v (CH) region are at 2921cm-1 and 2851cm-1 . 
The final spectrum was recorded at 623K, and has a steeply sloping baseline. 
It is shown in Figure 4-34. This shows weak features in the ii (CH) region, 
at 2967, 2926 and 2851cm 1 . 
4.8.2 Blank Experiment 
In order to investigate whether the weak bands observed in the cyclopentene 
spectra recorded at high temperature (in the experiment described above) 
are due to real adsorbed species or to an artefact or miscancellation feature, 
some spectra were recorded of the clean crystal at a range of temperatures. 
This was done in the same way as the previous experiment, but without 
exposing the clean crystal to an adsorbate i.e. the clean crystal was heated 
under U}{V conditions. The spectra were ratioed against a low temperature 
background spectrum as before. The CH stretching region of such a spectrum 
recorded at 273K is shown in Figure 4-35, and shows very weak peaks at 
2920, 2876 and 2835cm -1 . At 323K, the spectrum recorded, as shown in 
Figure 4-36 shows little evidence of any absorption bands. Further heating 
gave rise to very small peaks at 2927 and 2873/2853cm, as shown by the 
spectrum in Figure 4-37 recorded at 423K. The spectrum recorded at 623K, 
shown in Figure 4-38 shows weak peaks in the CH stretching region at 
2920, 2872 and 2850cm 1 . 
4.8.3 Cyclopentene adsorption at ambient temperature 
In an attempt to investigate the presence of the cyclopentadienyl species 
observed by Avery using EELS, adsorption of cyclopentene on Pt(111) at 
303K was investigated. According to the model of cyclopentene chemistry 
on Pt(111) shown in Figure 3-20, associatively adsorbed cyclopentene at 
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low temperature undergoes dehydrogenation to the cyclopentadienyl species 
between 250 - 300K. Spectra recorded under increasing pressures of cy-
clopentene with the crystal temperature at 303K showed little evidence of 
adsorption observable with infrared spectroscopy. The v (CH) region of such 
spectra recorded under increasing pressure of cyclopentene is shown in Fig-
ure 4-39. 
4.8.4 Cyclopentane adsorption at low temperature 
The spectrum of cyclopentane recorded at 135K under 5x10 -10  mbar, is 
shown in Figure 4-40 (CH stretching region). This spectrum, and all other 
cyclopentane RAIRS spectra described in this Section have been baseline 
corrected. This spectrum shows some strong absorption bands in the CH 
stretching region at 2953 and 2864cm - ' and a weaker shoulder at 2916cm -1 , 
but there was little evidence of any bands in the deformation region. The 
low signal to noise ratio in this spectrum is due to the low surface coverage. 
The spectrum recorded under 9 x 10 mbar of cyclopentane at 133K is 
shown in Figure 4-41 (3050 - 2750 cm_ 1) This shows a similar spectrum to 
that recorded at lower pressure but slightly more intense absorption bands 
with maxima at 2953 and 2864cm as well as an indistinct shoulder to the 
2953cm band. Under 2 x 10 mbar of cyclopentane at 131K, the spectrum 
obtained is shown in Figure 4-42. The CH stretching region again shows 
more intense bands with increasing exposure. The peaks observed were 
at 2951 and 2863cm' with a weak shoulder to the 2951cm' peak still 
apparent at 2915cm 1 . The crystal was then exposed to lx 108  mbar of 
flowing cyclopentane at 128K, and this resulted in the multilayer spectrum 
shown in Figures 4-43 and 4-44. Several absorption bands were observed 
in the deformation region, a medium intensity band at 1316cm 1 , a strong 
band at 897cm and a very intense band at 1452cm 1 . Very strong peaks 
were observed in the CH stretching region at 2952 and 2864cm with 
a prominent shoulder to the 2952cm peak at 2914cm 1 . The complete 
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Table 4-7: Position and proposed assignment of vibrations observed for cy-






• (CH2 )asym A 2954 2952(vs) 2949(w/m) 
• (CH2 ) 2916(sh) 2915(wlm) 
• (CH2 ) sym E 2863 2864(m) 2859(m) 
8 (CH) E 1452(w/m) 
Pw (CH2 ) E 1315(w) 
ii (C-C) ring E 897(w) 
spectrum is shown in Figure 4-45 and shows the relative intensities of 
the bands in the CH stretching and deformation regions i.e. that the uCH 
absorption bands are by far the strongest. Following this, the crystal was 
flashed to 303K, and this resulted in the desorption of cyclopentane from the 
surface, with no evidence of any surface-adsorbate vibrations remaining. 
The position and assignment of the observed bands is listed in Table 4-7, 
with the corresponding symmetry species of gas phase cyclopentane under 
Dsh symmetry. 
4.8.5 Methylcyclopentane adsorption at low tempera-
ture 
As for cyclopentene and cyclopentane, a series of RAIRS spectra was recorded 
during adsorption of methylcyclopentane on Pt(111). The spectrum recorded 
at 118K under 5x10 -10 mbar of flowing methylcyclopentane is shown in 
Figure 4-46 [,, (CH) stretching region]. This spectrum, and other methyl-
cyclopentane spectra shown in this Section have been baseline corrected. 
A reasonably strong band at 2953cm 1 (with a slight shoulder visible at 
2927cm 1 ) and a weaker band at 2865cm 1 are observable. Exposure of 
227 
the crystal to 1 x 10 mbar of methylcyclopentane at 117K resulted in the 
spectrum shown in Figure 4-47. The CH stretching region shows stronger 
bands than the previous spectrum, with all peaks increasing in intensity and 
a distinct peak or shoulder apparent at 2909cm 1 . In the CH deformation 
region, a weak absorption band is present at 1452cm -1 , with no evidence of 
any other bands. This region of the spectrum is not shown, as the baseline 
was steeply curving and there were also some miscancellation features from 
gas phase water, and no hydrocarbon peaks other than the 1452cm -1 peak 
already mentioned were observed. 
Increasing the methylcyclopentane pressure to 1 x 108  mbar with the 
crystal temperature at 117K resulted in the spectrum shown in Figures 
4-48 and 4-49. These spectra show strong absorption bands in the CH 
stretching region at 2955, 2945(sh), 2934, 2918, 2906, 2876 and 2855cm -1 . 
Several strong bands were also observed in the CH deformation region at 
1460, 1451(weak), 1445, 1373 and 1138(weak)cm. The complete spectrum 
is shown in Figure 4-50, showing the CH stretching vibrations to be the 
most intense. Under 5 x 10 8mbar of flowing methylcyclopentane, at 113K 
resulted in stronger absorption bands, as shown in Figures 4-51 and 4-52 
as well as some additional bands. The complete spectrum is shown in Figure 
4-53, again showing the ii (CH) bands to be the most intense. The crystal 
was then flashed to 403K leaving no absorption bands visible. The absorp-
tion bands observed for sub-monolayer and multilayer methylcyclopentane 
spectra (F1 from the spectrum shown in Figure 4-53) are listed in Table 4-8 
with the proposed assignment of the observed vibrations. The assignment 
was made on the basis of the cyclopentane results and the DRIFTS spec-
tra described in the previous Chapter, as no detailed assignments of the 
vibrational spectrum of methylcyclopentane could be found. 
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Table 4-8: Assignment and frequency of methylcyclopentane vibrations. 
Assignment 
- 









ii (CH3 ) sym 2907 2907(w/m) 
2876 
ii (CH2 ) sym 2864 2857 2855(m) 
1473(w) 














The spectra recorded during cyclopentene adsorption at low temperature 
were recorded with the crystal temperature at 173K. This is within the tem-
perature range of liquid cyclopentene, and hence the multilayer spectrum 
may be expected to be similar to that of the liquid cyclopentene. A compar-
ison of the frequencies observed for liquid cyclopentene [161, 220] can be 
made. Adsorption of cyclopentene on the surface may lower its symmetry 
further. In the gas phase its vibrational spectrum was interpreted in terms 
Of C 2  symmetry (although the slight bending away from planar which exists 
would reduce the symmetry to C 5). A reduction in symmetry from C 2 to C, 
would lead to the B 2 modes under C2 symmetry forbidden by the metal sur-
face selection rule, to becoming infrared active. The observation of A 1 and 
both B 1 and B 2  vibrations in the RAIRS spectra suggest that the symmetry 
of the adsorbed cyclopentene is lower, i.e. C 1 symmetry. 
Low coverage spectra were obtained prior to the onset of multilayer ad-
sorption. Bands in low coverage spectra are expected to be more influenced 
by the presence of the metal substrate than those in the multilayer spectra. 
No attempt was made to calibrate coverage in this study since it is difficult 
to define the onset of multilayer adsorption. This could be done by observ-
ing any discontinuity in band position / relative intensity as a function of 
exposure. However, it is difficult to observe any such discontinuity without 
doing a more detailed experiment, recording a detailed series of spectra. 
The bands in the submonolayer and multilayer spectra of cyclopentene 
were assigned as listed in Table 4-6. The assignment was made with ref-
erence to the literature frequencies listed in Table 4-3. The RAIRS spectra 
were recorded at higher resolution than the reported EELS spectra, and 
hence the assignment can be made more specifically. A difference from 
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the EELS spectra is that the 'soft' band was not seen in this RAIRS study. 
Reasonable agreement with the DRIFTS spectra in the ii (CH) region exists. 
Initially, the strongest band, albeit only 0.0005 Absorbance units, was 
observed at 2841cm-1 , and is assigned as the -CH 2 symmetric stretching 
vibration (where Q refers to the carbon atoms adjacent to the double bond). 
The low signal to noise ratio in the first spectrum (Figure 4-22) is due to the 
spectrum being recorded at very low coverage. The observation of vibrations 
at 3048 and 3055cm 1  is in contrast with Avery's EELS studies, indicating 
that the molecule retains its alkene character on adsorption and is not ob-
served to rehybridise to an alkane like species in this RAIRS study. Avery 
reported bands due to an alkene species at 3085cm 1 , of weaker intensity 
than expected, due to ii (=CH), 1630cm -1 due to v (C=C) and 700cm -1 in 
the monolayer EELS spectrum of cyclopentene on Pt(111), although a weak 
band at 3080cm-1  was observed in the multilayer spectrum, indicating at 
least some contribution from cyclopentene not rehybridised at the alkene 
carbon atoms. In general, the bands observed in the low coverage spectrum 
are comparable in peak positions to the multilayer spectra, but the band 
intensities do vary slightly, suggesting a sub-monolayer spectrum. 
As for liquid cyclopentene, the 3057cm -1 band is less intense than the 
main group of CH stretching vibrations. The EELS spectra reported by Av-
ery are of poorer resolution than the RAIRS spectra, and the EELS bands 
cannot be resolved to be assigned to specific vibrational modes, as can be 
done in this RAIRS study. The EELS bands are thus composed of sev-
eral overlapping bands, and are only generally assigned as a type of vibra-
tion [e.g. u (CH)] whereas in RAffiS, the ii (CH) vibration can be resolved 
into symmetric and assymetric modes. There was no evidence of the soft 
i' (CH) band,discussed earlier, seen for cyclopentane using EELS, at 2695-
2750cm [1361 and RAIRS [1511, in any of the RAIRS spectra recorded, 
although such soft bands are known to be more difficult to observe using 
RAIRS than with EELS [1511. Vibrations at lower wavenumber, generally 
weaker than those in the ii (CH) region, were initially observed at 1044, 
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1203, 1294 and 1350cm', corresponding with the strongest bands observed 
in this region in the literature cyclopentene spectra. 
Between the bands above 3000cm and the adjacent set of peaks, the 
baseline in the submonolayer spectrum dips below the otherwise flat baseline 
in that region. This may be due to the Christiansen Effect, resulting from a 
change in reflectivity in the region of the absorbance band. This is common 
in reflection spectra where there is a change in the refractive index of the 
material on going through an absorption band. This effect is also apparent 
later, when the change in baseline is in the opposite direction. 
Increased exposure led to a strengthening of previously observed bands, 
with some small shifts in frequency in some bands, as listed in Table 4-6. The 
2949cm-1  band came up in intensity relative to 2847cm band, suggesting 
it may be due to an assymetnc vibration, and attenuated by the operation of 
the metal surface selection rule where the influence of the metal is strong, 
although this will depend on the thickness of the film. A comparison of 
relative intensities of the bands observed in the RAIRS spectrum, Figure 
4-28 with the FTIR spectrum of solid cyclopentene recorded at 96K [214], 
and reproduced in Figure 4-18, show similar relative intensities, although 
a detailed description or assignment was not given in that study. 
On heating to 273K, the strongest remaining bands were CH stretching 
vibrations, as shown in Figure 4-31 with the 2928cm' band brought up in 
relative intensity. Further heating, as described in Section 4.9.1 showed no 
evidence of cyclopentadienyl formation, but the observation of weak ' (CH) 
vibrations as described. The bands above 3000cm are not observable above 
423K suggesting that any alkene remaining on the surface has desorbed or 
broken up. There is no evidence of cyclopentadienyl formation in this RAIRS 
study. This is in contrast with Avery's EELS data, where cyclopentadienyl 
formation was observed on Pt(111) after heating the crystal and adsorbed 
cyclopentene to 370K. The characteristic vibrational bands of cyclopenta-
dienyl were listed in Table 4-4. In this RAIRS study, heating the crystal 
results in desorption of most of the adsorbed cyclopentene, with only weak 
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vibrational bands remaining. These weak bands were further investigated 
by recording a series of blank spectra at increasing temperatures. The shift 
in the baseline of the high temperature spectra suggests that the bands are 
indeed real, and probably due to hydrocarbon fragments on the surface, al-
though some element of miscancellation does exist between spectra recorded 
at greatly differing temperatures. 
The observation of these small peaks in some spectra must be borne in 
mind when analysing spectra of low quantities of adsorbates on the sin-
gle crystal surface. These bands may arise from miscancellation between 
two spectra recorded at different temperatures, particularly when one spec-
trum is recorded at elevated temperature and ratioed against a background 
spectrum recorded at low temperature. Some small absorption features are 
apparent just below 3000cm 1 in the RAIRS single beam spectrum shown 
in Figure 4-17. This is due to residual hydrocarbon on the mirrors, lens and 
windows in the path of the infrared beam. 
In the spectra recorded at ambient temperature (303K), the very weak 
peaks observed were, if anything, consistent with molecularly adsorbed cy-
clopentene with no evidence of cyclopentadienyl formation. Under 1 x 10- 8 
mbar flowing cyclopentene, extremely weak bands were observed in the CH 
stretching region, at 3063, 2956, 2925, 2900,2848 and 2820cm -1 , and a very 
weak peak at 1046cm-1 . From this study it was concluded that cyclopentene 
did not readily adsorb on Pt(111) as an infrared observable species at 303K. 
It may have dehydrogenated/dissociated to form carbonaceous deposits on 
the surface, not detectable using RAIRS as any Pt-C vibrations would be 
well below the detector cut-off, or may not adsorb in sufficient quantity to 
be detectable using RAM. 
The RAIRS spectra of cyclopentene adsorbed on Pt(111) can be compared 
with the DRIFTS spectra of cyclopentene on EuroPt- 1 described in Chap-
ter 3. The position of the bands seen in DRIFTS is included in Table 4-6. 
One of the DRIFTS spectra from the series of cyclopentene adsorbed on 
EuroPt-1 is shown together with a RAIRS spectrum in Figure4-19 for corn- 
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Figure 4-19: (a) DRIFTS spectrum of cyclopentene on EuroPt-1 and (b) 
RAIRS spectrum of cyclopentene on Pt(111). 
parison. This shows the generally broad peaks seen in the DRIFTS spectra 
catalyst 
on the supported due to the overlapping contributions to the peaks and 
surface inhomogeneity, as discussed in Chapter 3. There is no complication 
from support material in the RAIRS spectra, and this can be used to as-
sist in the assignment of bands on the metal component of the supported 
catalyst. The band at 280 1cm -1  seen in DRIFTS is not seen in RAIRS, 
suggesting that its observation may be connected with the presence of the 
support. The 2850cm- ' band seen in DRIFTS is much narrower than the 
other DRIFTS peaks, and is of similar linewidth to the 2847cm' band in the 
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RARS spectrum. The RAIRS spectrum gives an insight into peaks which 
may be encompassed under the DRIFTS peaks. 
In summary, the RAIRS study has shown that cyclopentene readily ad-
sorbs on Pt(111) at low temperature (.173K) as a molecular species. No 
evidence for rehybridisation at the alkene carbon atoms was observed. Ex-
posure to increasing pressures of cyclopentene resulted in the buildup of a 
multilayer, giving rise to stronger absorption bands with increasing expo-
sure. Subsequent heating resulted in the evaporation of the multilayer, but 
no formation of C 5H5  by dehydrogenation on the surface was observed. The 
3053cm-1  peak lost all intensity by 423K, in contrast with the DRIFTS study 
described in Chapter 3 where the 3063cm - ' band persisted until 573K. 
4.9.2 Cyclopentane 
The interaction of alkanes with a metal substrate is relatively weak, as ob-
served previously [208]. The strongest bands observed for the free molecule 
are also the most intense bands seen following adsorption. Cyclopentane 
would be 'expected to adsorb molecularly on Pt(111) as seen in previous 
studies. The RAIRS spectra recorded in this study support this. Solid cy-
clopentane exists in three crystal forms in different temperature regions 
[1671. Type I exists from 181K -p 143K, type II, a disordered plastic phase, 
exists between 138K -p 121K and type III, an ordered phase, below 121K. 
The RAIRS spectra described in this study were all recorded with the crystal 
temperature between 135 and 128K, in the temperature range for type II 
solid cyclopentane to exist. 
Exposure of the crystal, at 135K, to increasing pressures of cyclopentane 
resulted in the observation of strong bands in the ii (CH) region at 2954,2921 
and 2864cm -1 . On increasing the surface coverage to multilayer coverage, 
a total of three bands eventually emerge in the deformation region. These 
bands were observed at 1452, 1315 and 897cm - ' in the multilayer spectra. In 
general, the frequencies of the observed bands vary slightly from those 
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reported in previously reported EELS spectra and Chesters' RA1RS spec-
trum. The vibrations can be assigned with reference to Avery's EELS study 
on Pt(111) and with the literature vibrational frequencies of cyclopentane. 
The RAIRS spectra can also be compared with the DRIFTS spectra of 
cyclopentane on EuroPt-1 described in Chapter 3, where vibrations at 2949 
and 2859cm-1 were assigned as v (CH2 ) asymmetric and ii (CH 2) symmetric 
vibrations respectively. This suggests that the 2952 and 2864cm -1 bands 
seen for multilayer cyclopentane on Pt(111) in the RAIRS study are due to 
the asymmetric and symmetric v (CH2) vibrations. The frequencies of bands 
observed in the DRIFTS study are included in Table 4-7. There is good 
agreement between the band positions observed using RA1RS and DRIFTS. 
A spectrum from the DRIFTS series recorded during 
adsorption of cyclopentane on EuroPt-1 is shown in Figure 4-20 with a 
multilayer RAIRS spectrum of cyclopentane on Pt(111). The 2949cm -1 band 
is not present in the particular DRIFTS spectrum shown, but was 
transiently observed following a pulse of cyclopentane. Comparison with 
the RAIRS spectrum shows a strong band at 2952cm -1 , assigned as a ii 
(CH2 ) vibration as described above. As with cyclopentene, the band seen in 
DRIFTS at 2804cm-1  was not observed in the RAIRS spectrum. 
The shift in the baseline in the ii (CH) region seen in the low temperature 
cyclopentene RAIRS spectra was again apparent, although not as marked 
in this instance. The series of sharp negative absorption peaks seen in 
the spectra between 1350 and 2100cm is due to miscancellation between 
recording the background spectrum and the cyclopentane spectrum. This 
was due to fluctuating gas phase water levels in the evacuated environment 
within the spectrometer. Another spectrum was recorded after adsorption, 
desorption and cooling the sample to the original temperature, but the use 
of this spectrum as the background spectrum did not eliminate the water 
absorption bands. 
Exposure to higher pressures of cyclopentane resulted in strengthen-
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Figure 4-20: (a) DRIFTS spectrum of cyclopentane adsorbed on EuroPt-1 
and (b) RAIRS spectrum of cyclopentane on Pt(111). 
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changes in relative intensities or band positions. Heating the crystal to 
303K following adsorption resulted in loss of intensity of all bands, indi-
cating straightforward desorption of cyclopentane by this temperature. No 
dehydrogenation of surface species was observed, as was seen by Avery for 
cyclopentane on Pt(111) using EELS, where adsorbed cyclopentane partially 
desorbed and partially dehydrogenated to cyclopentene [139]. 
There was also no evidence in the RAIRS spectra of the soft v (CH) 
band seen by Avery using EELS [139] and by Chesters using RAIRS [151] 
for cyclopentane on Pt(111), or by Hoffmann for cyclopentane on Ru(001) 
studied using EELS [153]. 
In conclusion, cyclopentane was observed to readily adsorb molecularly 
on Pt(111) at 133K. As with cyclopentene, exposure to increasing pres-
sures resulted in the build up of many layers on the surface. No evidence 
was observed for any soft CH band. Following adsorption, heating the crys-
tal resulted in molecular desorption by 303K, without dehydrogenation to 
cyclopentene or to the cyclopentadienyl species. 
4.9.3 Methylcyclopentane 
The spectra observed for methylcyclopentane can be compared with those for 
cyclopentane. The envelope of peaks in the ii (CH) region shows six distinct 
peaks with one shoulder, compared with the two peaks and a shoulder for 
cyclopentane. The presence of the methyl group lowers the symmetry from 
D5h for cyclopentane to C 3 for methylcyclopentane. This results in three 
types of inequivalent carbon atoms in the methylcyclopentane molecule, 
and five inequivalent C-H bonds. Consequently, a more detailed infrared 
spectrum is observed, compared with the relatively simple spectrum from 
the more highly symmetrical cyclopentane molecule. 
In the RAIRS spectra of cyclopentane discussed earlier, the v (CH) vi-
brations were always of lower intensity than the ii (CH2) vibrations. The 
presence of the methyl group in the molecule would be expected to lead 
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to some additional bands in the spectrum, as compared with that from cy-
clopentane. In methylcyclopentane, there are two types of -CH 2 - groups, 
compared with five equivalent -CH 2 - groups in methylcyclopentane. Hence, 
splitting of the -CH 2- bands observed for cyclopentane is expected in the 
methylcyclopentane spectra. Additional bands are also anticipated for the 
C-H vibrations within the methyl group. Additional bands are indeed ob-
served in the methylcyclopentane spectrum, at 2945, 2920 and 2867cm 1 . 
A comparison of the RAIRS spectra recorded of methylcyclopentane on 
Pt(111) can be made with the DRIFTS spectra reported in the previous Chap-
ter. An example of each is shown in Figure 4-21. Both cyclopentane and 
methylcyclopentane on silica showed similar absorption bands. However, 
on EuroPt-1 the DRIFTS spectra for the two molecules were quite differ-
ent. The 2855cm -1  band observed for methylcyclopentane on EuroPt-1 was 
assigned as the ii (CH 2 ) symmetric vibration, enhanced in intensity in the 
presence of the metal. The 2907cm -1 band was assigned as the symmetric  
(CH3  ) vibration, also brought up in intensity on the metal surface. Hence 
the bands observed for methylcyclopentane were assigned as listed in Ta-
ble 4-8. The 2957 and 2945cm -' bands are probably u (CH 2 ) asymmetric 
vibrations from the two types of -CR 2 - groups, with the bands at 2876 and 
2857cm the corresponding CH 2 symmetric vibrations. The v (CH3) vibra-
tion may be at 2934cm -1 . The major differences between the region below 
1700cm- ' in the cyclopentane and methylcyclopentane RAIRS spectra are 
that there were only three bands seen for cyclopentane while many more are 
seen for methylcyclopentane. The strongest of these are at 1460, 1445 and 
1373cm. For cyclopentane, the 1452cm - ' band was assigned as a CH2 de-
formation, and deformation modes for methylcyclopentane must be similar. 
However it is difficult to assign all individual modes without a detailed gas 
phase or liquid spectrum of methylcyclopentane. As for both cyclopentene 
and cyclopentane, the band assigned as an overtone or combination band, 
seen at 2808cm in DRIFTS was not observed in the RAIRS study. Heating 
the crystal following adsorption resulted in molecular desorption with no 
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Figure 4-21: (a) DRIFTS spectrum of methylcyclopentane adsorbed on 
EuroPt-1 and (b) RAIRS spectrum of methylcyclopentane on 
Pt( 111). 
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dehydrogenation or other surface chemistry observed, leaving no infrared 
detectable surface vibrations. 
242 
I 0.0001 
I 	 I, 



















I 	 I 	 I 	 I 	 I 	
I 
3150 	3100 3050 3000 	2950 2900 2850 2800 	2750 
Wavenumberslcm 
1 




1600 	1500 	1400 	1300 	1200 	1100 
	
1000 	vuu 




















3150 	3100 	3050 	3000 	2950 
	




































3000 2800 	2600 	2400 	2200 2000 	1800 
	
1600 	1400 	1200 	1000 
Wavenumbers/cm
-1 

































1500 	1400 	1300 	1200 
	
























3150 	3100 	3050 	3000 	2950 	2900 
pq 	 Wavenumbers/cm1 

































































I e 10.00005 
rA 
I 	 I 
3150 	3100 3050 	3000 	2950 
	














3150 	3100 	3050 	3000 	2950 	2900 	
2850 	2800 	2750 

















3150 	3100 	3050 	3000 	2950 	2900 
	













3150 	3100 	3050 	3000 	2950 2900 	2850 	2800 	2750 
Wavenumbers/cm 1 









































C) 10 .0005 lo 
3050 	 3000 	2950 	 2900 
	


















































































CD r\ UI tI0.0005 101 to 


























I 	 I 	 I 	 I 	 I 





















1650 	1600 	1550 	1500 	1450 
	












3000 	2800 	2600 	2400 	2200 	2000 
	






















I 	 I 	 I 	 I 	 I 





11 10.005  
r 
ISO 
1600 	1500 	1400 	1300 
	


































The exchange experiments of methylcyclopentane with deuterium described 
in Chapter 2 essentially use post reaction analysis to determine how the 
methylcyclopentane molecule adsorbs and reacts on the catalyst. As such, 
deuterium is used as a 'label' and information on its concentration and 
information about 
location in an exchanged hydrocarbon molecule revealsAintermediates and 
favoured reaction paths. The exchange experiments were carried out under 
controlled 
high vacuum conditions, and were designed to react atAa rate by using a 
small amount of catalyst of low surface area, where the reaction could be 
followed using mass spectrometry; and allowed to run to a suitable extent to 
optimise analysis of the products using 2D NMR Spectroscopy. 
An important consideration in the three different experiments described 
in this Thesis is that of the experimental timescale. This ranges from the 
very short lived surface species involved in the exchange experiments to the 
long time involved in the collection of a RAIRS spectrum. Typical lifetimes 
of the intermediates in the exchange studies are of the order of 10 seconds, 
assuming that reaction and desorption are rapid with respect to adsorption. 
The gas phase products are monitored in this type of experiment, and thus 
no information is available on any species which may remain adsorbed on 
the surface. 
The catalysts used for the exchange experiments are all 1% metal loading, 
and have too low a metal loading and metal surface area for adsorption on the 
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metal to be observed using DRIFTS or transmission infrared spectroscopy. 
Some experiments using DRIFTS to study adsorption on the catalysts used 
for the NMR experiments revealed only adsorption on the silica support 
of these catalysts, and no vibrations due to adsorption on the metal were 
observed. 
In the exchange experiments, CH bond scission occurred allowing incor-
poration of a number of deuterium atoms into the hydrocarbon molecules. In-
formation on the number and distribution of these deuterium atoms was then 
used to deduce the predominant reaction mechanisms and most favourable 
adsorbed intermediate species involved in the exchange of hydrogen atoms 
for deuterium atoms. 
In the DRIFTS and transmission experiments, infrared spectroscopy is 
used in situ as a probe to observe (infrared observable) vibrations due to 
adsorbed species on both the metal and on the support. A high surface 
are catalyst is necessary to achieve sufficient sensitivity in this type of ex-
periment, in contrast with the catalysts used in the exchange experiments, 
designed primarily to react at a controlled rate. The experiments described 
in this study showed molecular adsorption on cyclopentene, cyclopentane 
and methylcyclopentane on silica alone, and on both the silica support and 
the metal component of EuroPt-1 (a PtJSi0 2 catalyst). EuroPt-1 proved suit-
able for infrared experiments with a relatively high metal loading of 6.3% 
and a dispersion of 60%. Although the silica support blacked out any CH 
deformations, this could be overcome using an alumina supported catalyst, 
which blacks out infrared below '-1150cm 1 in DRIFTS and 1100cm-1 in 
transmission. However, much information was gained from the study of 
adsorption on the PtJSi0 2 catalyst. In DRIFTS, enhancement of specific 
absorption bands on EuroPt-1,i.e. on the metal )indicated the operation of 
the metal surface selection rule for all three molecules in this study. The 
estimated heats of desorption showed the molecules to be more strongly held 
on the metal than on the silica support. Although the observation of species 
with infrared spectroscopy does not imply that they are catalytically active, 
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together with parallel information on formation of gas phase products, the 
identity of the species observed on the surface can often be deduced. Ther-
mal conductivity and mass spectral observation of the gas phase molecules 
was used to support the infrared spectra in this study. 
Cyclopentene adsorption on EuroPt-1 was studied using both DRIFTS 
and transmission infrared spectroscopy, and the relative intensities of the 
CH stretching vibrations showed a striking difference. The symmetric CH 2 
vibration at 2850cm -1  from cyclopentene adsorbed on platinum was en-
hanced with respect to the asymmetric CH 2 vibration at 2955cm -1 in the 
DRIFTS study, but the intensities of the corresponding bands in transmis-
sion were reversed. This is probably as a result of the different diffusion 
behaviour of the adsorbate in both samples. Diffusion will be much more 
rapid in the loosely packed catalyst bed in the DRIFTS cell than in the com-
pressed transmission disc. Weakly held species will be swept away more 
rapidly in the DRIFTS experiment than in the transmission cell, and gas 
phase or liquid species held within the pores of the transmission disc may 
account for the different peak intensities in the transmission spectra. A 
more detailed study on diffusion could be carried out to investigate the dif-
ference between DRIFTS and transmission. Further study could also be 
made of cyclopentene adsorption on a silica disc using transmission infrared 
spectroscopy, and by doing corresponding studies with other molecules. 
Exchange type experiments could be designed for infrared study. Hydro- 
as 
carbon and deuterium could be mixed in the gas handling line and injected'a 
mixture into the flow system. A high metal loading catalyst would be needed 
in order for adsorbates to be infrared detectable, and this would make reac-
tion rates high. However, intermediates would probably be too short lived to 
be detectable on the time scale of a typical DRIFTS experiment. The gas flow 
system could be redesigned to be a recirculating system to be used for ex-
change type experiments. Deuterium labelled hydrocarbon molecules could 
be used to further investigate CH vibrations. 
In the DRIFTS and transmission infrared experiments, the adsorbed 
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sDeces are observed in situ and the gas phase can be monitored simulta-
using other techniques 
- neouslyAto support the infrared observations. A spectrum typically took 25 
seconds to record, so there is no chance of observing any short lived adsorbed 
species, such as those probed in the exchange experiments, in this type of 
study. A DRIFTS spectrum will be time averaged, showing the average 
population on the catalyst during the time taken to record the spectrum. 
This may be a static population resident on the surface throughout the data 
collection or it may be the average of a dynamic population present for some 
time during data collection. The decay of band intensities observed in the 
DRIFTS spectra suggests that at least some species are swept out of the 
cell as the series of spectra is collected. The persistence of observed species 
could be investigated over a longer timescale. The DRIFTS spectra were 
recorded at ambient temperature and above, but recording spectra at lower 
temperatures may lengthen the surface lifetime of any static species, and 
may correlate better with the exchange experiments. A high dynamic pop-
ulation would only be observable in DRIFTS under continual high pressure 
exposure to the adsorbate. 
Following previous single crystal work, formation of the cyclopentadi-
enyl species, C 5H5 , upon heating adsorbed cyclopentene on platinum was 
anticipated. Evidence from the DRIFTS study of cyclopentene on EuroPt-1 
suggests that the cyclopentadienyl species was formed following heating to 
573K, indicated by the persistence of the band at 3063cm when all other 
bands had decayed to zero intensity. During heating, the symmetric CH 2 
vibration due to cyclopentene on platinum lost intensity with concomicant 
formation of two small bands at 2932 and 2909cm 1 . The identity of these 
bands has not yet been positively established, although hydrogenation ex-
periments suggest them to be due to unsaturated species. 
Cyclopentane showed no evidence of dehydrogenation to cyclopentene or 
to the cyclopentadienyl species in DRIFTS, as was previously observed on 
Pt(111) using EELS. Facile molecular desorption of both cyclopentane and 
methylcyclopentane was observed from EuroPt-1. 
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The RAIRS spectra discussed in Chapter 4 were recorded for adsorption 
on a Pt(111) single crystal during exposure in ultra high vacuum conditions, 
somewhat different from the flow conditions used in the DRIFTS and trans-
mission study on the supported metal catalysts. The Pt(111) surface is well 
defined and clean on the atomic level, in contrast with the inhomogeneity of 
the metal surfaces of a supported metal catalyst 
- 	Typically, pressures of up to 10-8  mbar of adsorbate were used 
tenths 
in the RAIRS experiments compared with pulses of - A.  of bars in the sup- 
ported catalyst experiments. Another difference is that the single crystal 
experiments generally have to be carried out at low temperature in order to 
reach sufficient coverage on the single crystal to be detectable using RAIRS, 
in contrast to the DRIFTS experiments carried out at - 300K. Hence, it is 
not surprising that some differences may be expected between UHV studies 
on well defined single crystal surfaces and with the poorly defined supported 
metals, which also has features due to the presence of the support. 
The RAIRS experiments with the same three hydrocarbon molecules 
showed them to be readily adsorbed, molecularly, at low temperature. RAIRS 
showed no evidence of dehydrogenation of cyclopentene to C 5H5 on heating. 
Instead, molecular desorption occurred. Weak absorption bands were ob-
served at low coverage, and exposure to higher quantities of cyclopentene 
allowed the build-up of many layers on Pt(111) as observed using RAIRS. 
The reasons for observation of the cyclopentadienyl species using EELS, 
and in the DRIFTS study but not using RAIRS must be further investigated. 
A fundamental difference between the EELS experiment and the RAIRS ex-
periment is that EELS spectra are not usually recorded with the crystal held 
at high temperature. Instead, the crystal is flashed to the desired tempera-
ture and then cooled to record the spectrum. This allows for the possibility 
of readsorption of desorbed/other species since the increase in pressure from 
desorption is not immediately pumped away. This could lead to observation 
of 'trapped' species that would have desorbed and been pumped away in the 
RAIRS experiment. As mentioned in Chapter 4, this can be overcome by 
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heating the crystal by other means. In RAIRS, the crystal is usually heated 
to the desired temperature and held at that temperature while the spectrum 
is recorded, but the comparable experiment to the EELS procedure could be 
done easily. Further investigation of this could also be made utilising the 
facility of the high pressure cell, recording RAIRS spectra under pressures 
up to several atmospheres to investigate the adsorbed species supported 
under these conditions. Hydrogenation or deuteration of unsaturated sur-
face species could also be investigated using mass spectrometry. The more 
reactive chemistry seen by Avery following adsorption of cyclopentene on 
his Pt(111) single crystal, and also in the study of cyclopentane adsorption 
may be in part due to the state of the 'clean' crystal surface, e.g. differing 
proportions of defect sites between that crystal and the one used in this 
study. 
Cyclopentane and methylcyclopentane also showed molecular adsorption 
and a build-up of many layers on the surface. Heating then resulted in 
molecular desorption. No observation of the strong soft CH vibration was 
seen in any of the RA1IRS spectra reported. This is particularly perplexing 
since it has been reported previously for cyclopentene on Pt( 111) studied with 
EELS, and for cyclopentane on Pt(111) observed using EELS and RAIRS, 
and on Ru(001) using EELS. The soft band is more difficult to detect using 
RAIRS than EELS, but has been seen using RAIRS, and the reasons for it 
not being observed in this study merit further attention and investigation. 
Since EuroPt-1 metal particles are made up of a range of metal faces, a 
comparison of a RAIRS investigation of cyclopentene (and other molecules) 
on other single crystal surfaces e.g. (100), (110), stepped surfaces may reveal 
some further information and changes in band frequencies. A detailed TPD 
study, multiplexing m/z =2(H2) and 67 (cyclopentene) in parallel with RAIRS 
may reveal differences between the chemistry observed in this study with 
that previously observed by Avery and Henn. Study could also be extended 
to other metals to investigate any variation in chemistry with the metal 
surface. 
In the RAIRS experiment, the typical experimental timescale is very 
much longer than the two regimes described above. It is of the order of tens 
of minutes, although the spectral acquisition time could be shortened by 
compromising on the signal to noise ratio by reducing the number of scans 
recorded. Pressures used are typically very low, and can be calibrated doses 
or continual flow. In this case, only long lived static species can be observed. 
In situ high pressure RAIRS experiments could be used to reveal the time 
averaged dynamic population. 
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Appendix A 
Purity and suppliers of gases 
and chemicals 
Gas/chemical Purity Supplier 
Deuterium CP 99.5% Matheson 
Hydrogen Commercial BOC 
(for reduction) Grade 99.7% 
Hydrogen UHP UCAR Speciality Gases 
(for adsorption) 
Helium 'A' Grade 99.995% 
Argon UHP UCAR Speciality Gases 
Oxygen CP Grade Cambrian Gases 
(extra dry) 99.5 % 
Cyclopentene > 99.5 % Fluka 
Cyclopentane > 99.5 % Fluka 
Methylcyclopentane > 99.5 % Fluka 
90.1 
Appendix B 
Properties of EuroPt-1 
Properties of EuroPt- 1  
EuroPt-1 is a 6.3% PtISiO 2 catalyst prepared by ion exchange 
by Johnson Matthey plc. 
Total (BET) surface area = 185 +1- 5 m2g 1 
Surface area of silica support = 364 +1- 5 m2g 1 
Size distribution of platinum particles, 
1.0 -p 3.5nm, centered at 1.8mn 
75% of particles < 2.Onm diameter 





J. CHEM. SOC. FARADAY TRANS., 1992, 88(16), 2405-2410 	 2405 
Reactions of Methylcyclopentane over Supported-metal Catalysts 
Ronald Brown, Anne S. Dolan, Charles Kemball* and Gordon S. McDougall* 
Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh, EH93JJ, UK 
The exchange reaction of methylcyclopentane with deuterium has been carried out over supported palladium, 
platinum and rhodium catalysts and the products analysed by mass spectrometry and deuterium NMR spectro-
scopy. The NMR resonances for the deuterium in the six positions in the molecule were well separated and each 
could be resolved into two or more components as a consequence of the isotopic shifts due to the presence of 
neighbouring deuterium atoms. 
It was possible to determine the fractions of the molecules exchanged on the open side of the ring, on the 
hindered side (cis to the methyl group) or on both sides. These fractions and other features of the experimental 
results were used to discuss the mechanisms of the exchange reactions and the manner in which these varied 
with the metal or with temperature. The highest extents of multiple exchange and of 'turnover' of the molecules 
on the surface were found with palladium. 
The essential features associated with the exchange of methyl-
cyclopentane with deuterium over palladium catalysts were 
discovered many years ago by Burwell et al.' and helped to 
establish the nature of one of the main mechanisms which 
gives rise to multiple exchange on palladium and on other 
metals as well. This mechanism, sometimes called the afl-
process, involves interconversion on the catalyst surface of 
adsorbed alkyl radicals and adsorbed alkene molecules. It is 
relatively more efficient on palladium than on other metals; 
maxima in the distributions of isotopic products are found 
corresponding to the completion of the exchange of sets of all 
hydrogen atoms which can be replaced by the fl-process. 
Thus for methylcyclopentane, there is a maximum at the D 4 
product corresponding to exchange of the four hydrogen 
atoms cis to the methyl group, i.e. on the hindered side of the 
molecule. There is also a maximum in the D 8 product corre-
sponding to the exchange of the five hydrogen atoms on the 
open side of the molecule, i.e. trans to the methyl group, and 
the three on the methyl group. A further maximum at the 
D 12 product arises from molecules which have exchanged 
both sets of hydrogen atoms. Propagation of the multiple 
exchange from one set to the other requires a mechanism 
other than the fl-process; this is generally believed to 
involve the 'turnover' of an adsorbed alkene on the surface 
and the relative contribution of this process increases with 
increase of temperature .2.3 
The purpose of the present investigation was to examine 
the exchange of methylcyclopentane with deuterium over a 
number of supported-metal catalysts using high-field NMR 
spectroscopy as well as the traditional mass spectrometric 
technique to analyse the products. Recently, the use of 
NMR46 has provided a means of identifying and estimating 
groupings of deuterium atoms in the products from exchange 
reactions and such detailed information has proved valuable 
in defining possible reaction mechanisms. Preliminary investi-
gations showed that methylcyclopentane was an interesting 
molecule to examine in this way because the chemical shifts 
of the deuterium atoms in the six positions in the molecule 
were different, see Fig. 1, and furthermore the spectra for 
each position could be resolved into a number of resonances 
resulting from the isotopic shifts caused by varying amounts 
of neighbouring deuterium atoms. There was a good prospect 
that the detailed knowledge to be gained by combining NMR 
and mass spectrometric data would provide more evidence 
about what is happening in the exchange reactions and how 
the pattern of behaviour varies with different metals. 
Experimental 
Most of the experiments were carried out with palladium, 
platinum or rhodium catalysts, containing 10 mol g' of 
metal on silica, identical to those described recently.' Some 
preliminary experiments were run using a catalyst containing 
2.6 x iO - mol g platinum on y-alumina . 59 Deuterium 
(99.5%) was supplied by Matheson Gas Products and puri-
fied by diffusion through a heated palladium—silver alloy 
thimble. Methylcyclopentane (Fluka > 99.5%) obtained from 
Fluorochem Ltd. was degassed before use. 
Early experiments were carried out using a static system, 
but a recirculation system which gave more efficient collec-
tion of products for NMR analysis was used subsequently. 
Each system was connected by a capillary leak to a Vacuum 
Generators Micromass 601 mass spectrometer. The static 
system" had a volume of 240 cm' and was used with a 
hydrocarbon pressure of 3.6 kPa, giving a charge of 
2.25 x 1020  molecules, and a deuterium to hydrocarbon ratio 
of 5: 1. The recirculation apparatus had a volume of 360 
cm  and was used with a hydrocarbon pressure of 2.9 kPa, 
corresponding to a charge of 2.5 x 1020  molecules, and the 
same ratio of deuterium to hydrocarbon. 
The course of each reaction was followed in the mass spec-
trometer using 25 eV electrons to bring about ionisation. The 
usual corrections were made for naturally occurring isotopes 
and for the formation of fragment ions corresponding to the 
loss of up to five hydrogen atoms from the parent molecule. 
The total fragmentation over this range amounted to only Ca. 
7%. Standard methods' were used to obtain the initial rates 
of exchange. 
After some 15-20% reaction had occurred, samples of the 
exchanged hydrocarbons were collected and analysed subse-
quently by deuterium NMR spectroscopy.' Most of these 
analyses were carried out using a Brüker WH 360 spectro-
meter operating at 55.28 MHz, but one was also analysed 
VI 
IV 
Fig. 1 Designations of the six positions for deuterium in methyl-
cyclopentane; chemical shifts, ö (ppm), for these positions are I, 1.84; 
II, 1.72; III, 1.50; IV, 1.60; V, 1.03 and VI, 0.96 
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using a Varian VXR 600 S spectrometer operating at 92.13 
MHz. 
Results 
Table 1 records the details of the main experiments, including 
the weight of catalyst, temperature, initial rate of exchange 
and the composition of isotopic methylcyclopentanes at the 
stage when the reaction was stopped and the sample taken 
for NMR analysis. 
Steady rates of exchange were found in all cases except 
with Rh/silica at 333 K for which the usual plot' showed 
curvature and a decrease of rate with time. A complete range 
of deutero-products, from the D 1 up to the D 12 compound, 
was observed in each experiment apart from Rhl carried out 
at 291 K. The average deuterium content of the product, M, 
increased with temperature and was higher with palladium 
than with other metals. 
The main features of the NMR spectra are shown in Fig. 2 
which gives the results for experiment Ptl analysed on both 
NMR spectrometers. The quantitative data from these 
spectra are given in Table 2, which summarises the percent-
ages of the total deuterium in the six positions in the mol- 
1.90 1.80 1.701.60 1.501.40 i.oi.oi.ioi.Ooo.o 
ö (PP-) 
1.90 1.80 1.70160 1501.40 1.301.201.10 1.00 0.90 
5 (ppm) 
Fig. 2 Deuterium NMR spectra for methylcyclopentane exchanged 
on Pt/alumina at 299 K, (a) using the 360 MHz spectrometer, (b) 
using the 600 MHz spectrometer 
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ecule and in the different groupings associated with each 
position. Approximate values of the isotopic shifts which give 
rise to various resonances associated with deuterium in each 
position are known from previous work with cyclopentane 4 
and with other hydrocarbons. -' oe (two-bond) isotopic shifts, 
resulting from a second deuterium atom on the same carbon 
atom, are in the range from -17 to -20 ppb; /3 (three-bond) 
shifts, due to deuterium on a neighbouring carbon atom, are 
from Ca. -7 to -9 ppb; y (four-bond) shifts are only -1 to 
-3 ppb and can be neglected in most cases. The resonances 
associated with each position will be described in sequence. 
Position I. Deuterium in this tertiary position cannot be 
subject to an x shift but may experience up to seven /3 shifts; 
two each from deuterium in positions II and V, and three 
from deuterium in position VI. The resolution was not com-
plete but both spectra showed evidence for a larger com-
ponent and a smaller more highly shifted component. The 
latter probably corresponds to molecules which have 
exchanged in the methyl group, position VI. 
Position 11. Deuterium in this position may experience one 
a shift if position V is exchanged and up to three /3 shifts from 
deuterium in positions I, Ill and IV. Three resonances were 
detected with both spectrometers and can be assigned with 
confidence. The first, corresponding to between 4 and 5% of 
the total deuterium, represents molecules exchanged only in 
position II. The large resonance, Ca. 16% of the total deuter-
ium with a shift of - 19 ppb, corresponds to molecules multi-
ply exchanged on the open side of the ring. The third 
resonance with the large isotopic shift between -43 and -50 
ppb arises from molecules exchanged on both sides of the 
ring. Completely exchanged molecules would be expected to 
show an isotopic shift of -[!8 + (3 x 8)] = -42 ppb or 
possibly slightly more if y shifts are included. 
Position III. The possibilities for deuterium in position II! 
are one a and up to four /3 shifts. The relative sizes of the 
three resonances determined with the 360 spectrometer are 
about the same as for those for position II. A little further 
resolution was achieved with the 600 spectrometer which 
enabled the large peak to be separated into two components, 
ca. 5% with a single /3 shift and ca. 14% with two /3 shifts. 
Position IV. The results are broadly similar to those 
described for position III although the relative intensities of 
the resonances are different. Once again further resolution of 
the main peak into two components was possible with the 
600 spectrometer. 
Position V. Deuterium in this position may experience one 
a shift but only three /3 shifts and consequently the isotopic 
shifts in Table 2 are lower than those for positions III and IV. 
More complete resolution was obtained with the 600 spec-
trometer and the three peaks represent (a) molecules 
exchanged solely in position V, (b) molecules multiply 
exchanged on the hindered side of the ring with one /3 shift 
and (c) molecules exchanged on both sides of the ring. The 
maximum shift expected for fully exchanged molecules would 
Table 1 Mass spectrometric analyses of the exchanged methylcyclopentanes subsequently analysed by NMR spectroscopy 
initial rate 
catalyst r/10 3 molecule s 
expt. mass/mg T/K (metal atom)' D0 D 1 D2 D3 D4 D 5 D6 D 7 D5 D9 D 10 D 11 D 12 M, 
ptll.b 104 299 3.6 83.4 6.4 2.9 1.5 1.4 1.4 0.8 0.7 0.9 0.2 0.1 0.1 0.1 3.1 
Pt2 31 333 6.9 82.5 4.2 2.2 1.5 1.6 1.6 0.9 0.8 1.0 0.5 0.5 1.0 1.7 5.0 
Rh lb 9.3 291 15 86.7 6.4 3.7 1.3 0.7 0.4 0.3 0.2 0.1 tr' tr tr' - 2.0 
Rh2 49 333 7 .2' 82.7 1.7 2.8 1.8 1.7 1.6 1.6 1.7 1.7 0.9 0.8 0.7 0.3 5.2 
Pdl 198 293 0.55 85.1 3.9 2.9 1.2 1.3 0.5 0.5 0.7 1.5 0.2 0.3 0.7 1.2 4.5 
Pd2 101 333 1.7 80.7 1.2 1.9 1.4 1.5 0.7 0.7 0.9 1.1 0.8 1.6 3.4 4.2 7.7 
The support was alumina. b  Pt  and Rh! were carried out in the static system. c tr = trace amount. d  Some reduction in rate was observed 
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Table 2 	Detailed analyses of the exchanged methylcyclopentanes from experiment Ptl using both NMR spectrometers 
2407 
600 MHz spectrometer 360 MHz spectrometer 
position of -M - 
deuterium ö (ppm) 	(ppb) (ppb) % 
1 1.84 	 0 	 6.9 - 10.4 
18 3.0 
II 1.72 	 0 	 4.6) 0 4.2 ) 
19 15.8 	'. 24.0 19 16.3 24.0 
43 	 3.6) 50 3.5.) 
III 1.50 	 0 3.3 0 3.5) 
9 	 4.8 26.2 18 18.2 
26.3 
18 14.3 4.6.) 
42 	 3.8 
IV 1.60 	 0 3.4] 0 3.2) 
8 	 3.4 1. 15.2 11 7.1 16.0 
16 3.7 38 5 . 7 .) 
46 	 4.7) 
V 1.04 	 0 2.3) 0 8.6 11 .3 
10 	 6.5 12.0 29 2.7 
39 3.2) 
VI 0.96 	 0 	 3.1 0 2.8 
12 1.2 b 12.5 13 1.0 12. 
32 	 2.1 33 1.9 
54 6.1 54 6.3 
Isotopic shift. b  Average D content of methyl group, M 1 = 1.7. 	M 1 = 1.8. 
be -[18 + (3 x 8)] = -42 ppb or possibly slightly more if y 3. The spectrum in Fig. 4(a) for experiment Pdl run at 293 K 
shifts are included. The 360 spectrometer did not resolve the shows a series of narrow partially resolved peaks correspond- 
first two peaks. ing to singly exchanged molecules with deuterium in posi- 
Position VI. Deuterium in the methyl group can be subject tions I-IV and in this respect was similar to results shown for 
to only one fi shift and up to two ot shifts. The values for Ptl in Fig. 2. 
shifts in Table 2 indicate that the fi shift has a larger value Interpretation 
than usual of -12 ppb and the 	shifts are Ca. -20 ppb, in 
line with those found for other non-cyclic saturated hydrocar- The percentages in Tables 2 and 3 for the amounts of deuter- 
bons. 5 The four peaks are readily identified and correspond ium in positions 1-VI can be used to work out the relative 
to the groupings CH 2DCH(, CH 213C13(, CHD 2CD( and 
C133 C13(, which gave the largest resonance. 
The conclusion from the detailed analysis of the products 
from experiment Ptl using both NMR spectrometers was (a) 	II 	iii VI 
that adequate information was obtained with the 360 instru- 
ment. For the methylcyclopentane-D 2 system, little actual 
gain in resolution or sensitivity was achieved with the higher- 
field instrument. Some representative NMR spectra of the 
products from the other experiments are given in Fig. 3 and 
4. In most cases, it was possible to recognise two resonances 
for deuterium in positions Il-V and three resonances for deu- 
terium in position VI. The relative amounts of deuterium in 1.90 1.80 1.70 1.60 1.50140 1.30 1.20 1.10 1.00 0.90 
the groupings responsible for these peaks are given in Table 
1.90 1.80 1.70 1.60 1.501.40 1.301.201.10 1.00 0.90 
1.90 1.80 1.70 1.60 1.501.40 1.30 1 .20 1.10 1.00 0.90 	 ö (ppm) 
ö (ppm) 	 Fig. 4 Deuterium NMR spectra, determined with the 360 MHz 
Fig. 3 Deuterium NMR spectrum, determined with the 360 MHz 	instrument, for the products from reactions over Pd/silica; (a) Pdl at 
instrument, for the products from experiment Rh2 	 293 K, (b) Pd2 at 333 K 
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Table 3 Groupings of deuterium atoms in the exchanged methyl-
cyclopentanes and average isotopic shifts from analysis using the 360 
MHz NMR spectrometer 
% D in groupings 
position of  
deuterium 	-Aö (ppb) 	Pt2 	Rh2 	Pdlb 	Pd2 
I 	 - 5.4 11.9 7.1' 7.1 
30 5.0 6.3 
II 	 - 13.7 18.1 17.6' 5.9 
37 8.6 4.8 5.1 11.3 
III 	 - 12.9 16.7 11.9 5.7 
44 8.9 5.3 5.3 12.1 
IV 	 - 7.4 4.5 80 4.9 
42 11.0 6.0 5.0 20.9 
V 	 - 5.0 4.6 7.5 3.3 
32 7.2 6.4 5.9 10.6 
VI 	 - 1.2 - - - 
12d 1.8 2.4 1.8 1.3 
33 2.6 5.7 2.6 2.5 
55 9.3 13.6 15.9 14.4 
average D Content 2.0 2.2 2.7 2.3 
of methyl group, M 1 
333 K. b  293 K. ' These values include the partially resolved peaks 
corresponding to singly exchanged molecules. d  Measured only for 
Pt2 but assumed to hold for the other experiments. 
extent of exchange of the different kinds of hydrogen atoms. 
To determine the relative exchanges given in Table 4 it is 
necessary to take into account the fact that position I corre-
sponds to a single atom, position VI to three atoms, and the 
Table 4 Distribution of deuterium in exchanged methyl-
cyclopentanes from NMR analyses 
relative exchange per atom 
expt. 	T/K 	I 	II 	III 	IV 	V 	VI 
Ptlb 299 1.19 1.44 1.57 0.91 0.72 0.50 
Pt2 333 1.25 1.34 1.31 1.10 0.73 0.60 
Rhl 291 1.88 1.73 1.43 0.68 0.64 0.38 
Rh2 333 1.43 1.37 1.32 0.63 0.66 0.87 
Pdl 293 1.61 1.36 1.03 0.78 0.84 0.81 
Pd2 333 0.85 1.03 1.07 1.55 0.83 0.73 
For positions of deuterium see Fig. 1. b  The support was alumina. 
Table 5 Fractions of methylcyclopentanes exchanged in different 
ways 
type of exchange pt 1,.b Pt2' Rh2' Pd Id  Pd2' 
position II exchanged 0.15 0.39 0.21 0.22 0.66 
both sides 
position III exchanged 0.15 0.41 0.24 0.31 0.68 
both sides 
position IV exchanged 0.31 0.60 0.57 0.38 0.81 
both sides 
position V exchanged 0.27 0.59 0.58 0.44 0.76 
both sides 
open side only, F0 0.62 0.47 0.66 0.53 0.28 
hindered side only, FH 0.27 0.21 0.14 0.28 0.16 
both sides, FB 0.11 0.32 0.20 0.19 0.56 
both sides without 0.09 0.14 0.10 0.04 0.09 
methyl, FB(l - FaH) 
both sides with methyl, 0.02 0.18 0.10 0.15 0.47 
Fa FaM 
The support was alumina. b  299 K.' 333 K. d  293 K  
other positions to two atoms. Since there are 12 hydrogen 
atoms in the molecule a completely random exchange would 
correspond to 100/12 = 8.33% per place and thus to 8.3% in 
position I, 16.7% in positions 11-V and 25% in position VI. 
The relative exchanges are determined by dividing the actual 
percentages by these random percentages. 
Additional information was obtainable about the extent of 
the exchange in the methyl group, position VI. The relative 
exchange in this position, shown in Table 4, never exceeded 
unity and was noticeably lower over platinum and in experi-
ment Rhl. However, the percentages for the component 
peaks for position VI, given in Tables 2 and 3, can be used to 
work out the mean number of deuterium atoms in exchanged 
methyl groups. For example, the value of M1 for Pt! using 
the 360 spectrometer is 




3.1 + 1.2 + 2.1/2 + 6.1/3 =  
The values of M1, so derived, are given in the last line of 
Tables 2 and 3. They were Ca. 1.7 for Ptl but rose to 2 or 
more for the experiments analysed in Table 3. These values 
demonstrate that although the methyl group was not readily 
exchanged (low relative exchange), those groups which had 
reacted were extensively exchanged (M 1 usually 2). This 
interesting aspect of the results will be discussed below in 
more detail. 
The NMR results in Tables 2 and 3 provide a means of 
calculating the proportion of the molecules exchanged on the 
open side, the hindered side or on both sides. The basis of the 
calculation is that, for most positions, the less shifted reson-
ance corresponds to deuterium in molecules exchanged on 
only one side and the more highly shifted resonance to 
deuterium in molecules exchanged on both sides. The calcu-
lation will be exemplified for experiment Pt2. 
For deuterium in position II the fraction in molecules 
exchanged on both sides is 8.6/22.3 = 0.39. For deuterium in 
position III the fraction is 8.9/21.8 = 0.41; and thus the mean 
fraction of molecules exchanged on the open side and also 
exchanged on the hindered side is 0.40. Considering the deu-
terium on the hindered side, position IV has a fraction 11/ 
18.4 = 0.60 exchanged on both sides and the corresponding 
fraction for deuterium in position V is 7.2/12.2 = 0.59. So an 
average 0.60 of the molecules exchanged on the hindered side 
are also exchanged on the open side. If F0 , FH and FB  corre-
spond to the fractions exchanged, respectively, on the open 
side only, the hindered side only or on both sides, it follows 
that F0  + FH + FB = 1.00, FB/(Fo + FB) = 0.40, FB/(FH 
+ FB) = 0.60, and hence F0 = 0.47, F = 0.21 and FB = 0.32. 
Values of F0 , FH  and  FB derived in this way from the 
results in Tables 2 and 3 are given in Table 5. A further sub-
division may be made of the fraction F by using the mass 
spectrometric analyses in Table 1. There will be molecules 
exchanged on both sides and in the methyl group, i.e. FB FBM, 
and molecules exchanged on both sides but not in the methyl 
group, i.e. FB(l - FBM). Since products with from 10 to 12 
deuterium atoms must be exchanged on both sides and in the 
methyl group, the fraction of all the deuteroproducts in the 
range from D 10 to D 12 provides a minimum value for 
FB FBM . This calculation underestimates FB FBM because 
some molecules, even although exchanged on both sides and 
in the methyl group, will not have as many as 10 deuterium 
atoms. Results are included in Table 5. 
Discussion 
The results show some features which are common to all 
three metals. As shown in Table 4, the usual pattern of rela- 
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tive exchange is open side> hindered side > methyl group. 
There is good agreement, Table 5, between the fractions of 
deuterium in positions II and III in molecules exchanged on 
both sides, and similar agreement between the corresponding 
fractions for positions IV and V. In every case, the values for 
IV and V are greater than those for II and III. An increase of 
temperature leads to an increase in the average deuterium 
content of the products (Table 1) and to all the fractions 
(Table 5) corresponding to molecules exchanged on both 
sides. Before considering the relevance of the results to the 
mechanisms of exchange some features relating to the indi-
vidual metals will be discussed. 
Platinum 
The data in Tables 4 and 5 show that for this metal the 
pattern of exchange was clearly open side > hindered 
side > methyl group. It is the metal which showed the most 
distinctive break in the product distributions (Table 1) after 
the D 5  compound. This was caused by a significant fraction 
of the reacting molecules undergoing multiple exchange on 
the open side of the ring without reaction of the methyl 
group. Confirmation of this can be obtained by a simple cal-
culation using evidence about the amount of methyl group 
exchange and this will be exemplified for experiment Pt2. 
Combining the total percentage of deuterium in position VI 
of 14.9 and the mass spectrometric result that the average 
deuterium content of the exchanged molecules was 5.0, it 
follows that the average deuterium content of the methyl 
groups in the products was 5.0 x 0.149 = 0.745. However, the 
last line of Table 3 tells us that the average deuterium content 
of exchanged methyl groups was 2.0. Hence we can deduce 
that 63% of the products contained unexchanged methyl 
groups and the mean deuterium content of these groups was 
due to the 37% with an average of 2.0 D atoms, since 
2.0 x 0.37 = 0.74. 
This metal showed clear evidence of a contribution from 
stepwise exchange in addition to the substantial amounts of 
multiply exchanged products. Both experiments gave a sig-
nificant amount of D 1  product (Table 1) and the small NMR 
resonances in Fig. 2 corresponds to single deuterium atoms 
in positions 11—VI. Platinum frequently" 23  gives U-
shaped distributions of products and the present results 
conform to the expected behaviour. 
It is unfortunate that the early but detailed Pt! experiment 
was carried out on an alumina-supported catalyst. However, 
the results of Pt! and Pt2 were broadly similar and show 
differences which arose mainly from the change of tem-
perature. 
Palladium 
The main characteristics of the results over palladium were 
the clear breaks after the D 4  compound and the well defined 
maxima at the D 8 and D 12  compounds, in agreement with 
previous results.' The break alter D 4 arises from exchange on 
the hindered side of the ring only. There is little chance of 
molecules adsorbed on the hindered side on palladium being 
able to exchange the methyl group because this would 
involve anay-adsorbed intermediate. Results on the exchange 
of 2,2-dimethylpropafle 6  have shown that palladium does not 
readily form this type of species. In contrast, molecules 
exchanging by loss of hydrogen from the open side of the ring 
have a chance of undergoing exchange in the methyl group as 
well, because the ordinary cc-process permits this to happen. 
Palladium is the most efficient of the three metals in catalys-
ing the aft-process and so shows the greatest tendency to 
complete the exchange of sets of hydrogen atoms which can 
be replaced by this mechanism. The maxima at the D 8 com-
pound are a consequence of this characteristic of the palla-
dium catalyst. The results in Table 5 show that palladium is 
also the most efficient catalyst for bringing about the 
'turnover' reaction which permits the exchange to occur on 
both sides of the ring. The last two lines in Table S show that 
the propagation of the exchange to include the methyl group 
occurs most readily on palladium as well. Calculations based 
on the deuterium content of the methyl groups show that 
34% of all products in experiment Pd! and 67% of the pro-
ducts in experiment Pd2 were exchanged in the methyl group. 
The results in Table 4 indicate that preferential exchange 
on the open side of the ring, particularly of the tertiary 
hydrogen in position I, occurred with Pd! but the reactivity 
on the hindered side and in the methyl group was similar. In 
contrast, the results for Pd2 showed evidence of preferential 
exchange in position IV [see the substantial peak in the 
NMR spectrum in Fig. 4(b) and the value in Table 4]. A pos-
sible explanation for this will be discussed below. 
Rhodium 
The decrease in the rate of exchange with time in experiment 
Rh2 at 333 K and the low rate of reaction compared with 
that for Rh! suggest that self-poisoning of the reaction was 
occurring, probably through the formation of more strongly 
adsorbed species which are less readily desorbed and more 
likely to undergo carbon—carbon bond rupture. Decreasing 
rates of exchange have been reported for the reaction of 
various hydrocarbons containing quaternary atoms at 423 K 
on Rh/silica, 14  and the deceleration varied with the hydrocar -
bon. Rhodium is one of the most effective catalysts for 
hydrogenolysis 15  and carbon—carbon bond rupture has been 
observed" at 340 K with cyclopentane. Consequently, it is 
hardly surprising to find some evidence of poisoning of the 
exchange of methylcyclopentane at 333 K. 
The product distribution for Rh2 showed a rather uniform 
distribution to the D 8  compound and then decreasing per-
centages up to D 12 . Results for both Rh! and Rh2 in Table 4 
show that Rh is relatively inefficient for hindered side 
exchange and that the extent of methyl group exchange is 
dependent on temperature. The values in Table 5 show that 
turnover occurs to a lower extent on rhodium than on plati-
num at the same temperature. Analysis of the deuterium in 
the methyl group shows that 51% of the products from Rh2 
were exchanged in the methyl group. This figure is slightly 
higher than the 37% from Pt2 and the 34% for Pd2 and may 
account for the rather uniform distribution of products up 
to D8 . 
The NMR spectrum of the products from experiment Rhl 
provided data on the relative extents of exchange in the six 
positions, given in Table 4, but was not sufficiently intense to 
give a reliable resolution of each resonance into the group-
ings identified for the other experiments, shown in Tables 2 
and 3. 
Conclusions about Mechanisms 
Initiation of Exchange 
Since open side exchange generally occurs to a greater extent 
than hindered side exchange, it is likely that the initial disso-
ciation to form an adsorbed alkyl intermediate is slightly 
easier for positions I—Ill, than for positions IV and V. This 
suggests that the presence of the methyl group reduces the 
strength of adsorption of intermediates attached to the 
surface on the hindered side so that they are formed less 
readily. 
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Propagation of Exchange 
The results, particularly the positions of maxima in the dis-
tribution of products from reactions on palladium, are con-
sistent with the accepted main mechanism of multiple 
exchange as the interconversion between adsorbed alkyl and 
adsorbed alkene intermediates, the so-calleda#-process. The 
efficiency of this process varies with the metal in the order 
Pd> Pt> Rh. 
Methyl Group Exchange 
The results provide new evidence about the mechanism for 
the propagation of the exchange from the open side of the 
ring to the methyl group. This can take place by the general 
xfl-process but it requires the formation of an exocyclic 
alkene species involving a change in the orientation of the 
molecule on the surface. The evidence that substantial per-
centages of the products are not exchanged in the methyl 
group shows that the propagation to permit such exchange 
does not occur as readily as multiple exchange of ring hydro-
gen atoms. However, once the process starts, presumably 
involving the change of orientation, a rather efficient a/3-
process allows extensive replacement of the methyl hydrogen 
atoms to take place. This feature of a high degree of exchange 
of the methyl group was observed over all three metals even 
though the fraction of the molecules undergoing methyl 
group reaction varied with the metal. 
Turnover 
In every case the chance of 'turnover' was greater for mol-
ecules which began exchange on the hindered side and lower 
for molecules initially exchanged on the open side, as shown 
by the values in Table 5. This fits with the idea that interme-
diates adsorbed on the hindered side are less strongly held 
and can more easily form the type of alkene responsible for 
turnover which must involve passage through a loosely held 
'vertical' orientation. The chance of this reaction is enhanced 
by increase of temperature on all metals showing that addi-
tional activation energy is needed. The chance of turnover 
also depends on the metal and the order is Pd> Pt> Rh 
which is an indication that adsorbed alkene is least strongly 
held on palladium. 
Minor Processes 
Stepwise exchange, i.e. reversible formation of an adsorbed 
alkyl intermediate without further dissociation, makes some 
contribution, particularly at the lower temperature. This was 
obvious with experiment Pt 1 but appreciable amounts of the 
D, compound, Table 1, were observed with Rhl and Pdl and 
also with Pt2. The NMR spectrum for Pd! in Fig. 4(a) shows 
evidence of small peaks corresponding to singly exchanged 
deuterium atoms in positions II, III and IV. 
All of the distributions showed that more D 2 than D 3 pro-
ducts were formed and in two cases, Rh2 and Pd2, there was 
evidence of a minor maximum for the D 2 compound. We 
believe these facts are indicative of some pairwise replace-
ment of hydrogen atoms by a mechanism which involves 
exchange with a single molecule of D 2 "' Recent evidence of 
this type of reaction has been found for the exchange of 
cyclopentane over Ni/silica.' 8  The enhanced exchange in 
position IV observed with Pd2 may have occurred in this 
way but the shape of the resonance in Fig. 4(b) and the evi-
dence in Table 5 of the same fraction of deuterium in posi- 
tions IV and V in molecules exchanged on both sides indicate 
that there is more than pairwise exchange involved. We 
suggest that preferential formation of a (IV, IV)alkene occurs 
(some is desorbed as D 2 product but a higher fraction turns 
over to give products exchanged on both sides). Palladium 
not only is effective for multiple exchange but also is known 
to bring about reaction by several mechanisms, e.g. Schrage 
and Burwell' 9  provided evidence of five processes for the 
exchange of cyclopentane on Pd/A1 203 . 
Inspection of molecular models suggests that exchange in 
position V might be limited by steric hindrance. However, the 
results in Table 4 indicate that the relative exchange in this 
position is similar to that of position IV, except for the 
experiment Pd2 which has just been discussed. 
Summary 
The new evidence obtained by deuterium NMR analyses is 
helpful in confirming the accepted ideas about mechanisms of 
multiple exchange. In addition, it provides more insight into 
the process of turnover, the mode of exchange of the methyl 
group in methylcyclopentane and highlights the ways in 
which catalytic properties for exchange vary with the metal 
used. 
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